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PREFACE TO THE SERIES 


In the Course of nearly every program of research in organic chemistry 
the investigator finds it necessary to use several of the better-known 
synthetic reactions To discover the optimum conditions for the appli- 
cation of even (he most familiar one to a compound not previously 
subjected to the reaction often requires an extensive search of the liter- 
ature; even then a series of experiments may be necessary. When the 
results of the investigation are published, the synthesis, nhich may 
have required months of work, is usually described without comment. 
The background of knowledge and experience gained in the literature 
search and experimentation is thus lost to those w'ho subsequently have 
occasion to apply the general method. The student of preparative or- 
ganic chemistry faces similar di/JicuJties. The textbooks and labora- 
tory manuals furnish numerous examples of the application of various 
syntheses, but only rarely do they convey an accurate conception of the 
scope and usefulness of the processes. 

For many years American organic chemists have discussed these prob- 
lems. The plan of compiling critical discussions of the more important 
reactions thus was evolved. The volumes of Organic Reactions are col- 
lections of chapters each devoted to a single reaction, or a definite phase 
of a reaction, of w-jde applicability. The authors have had experience 
with the processes surveyed The subjects are presented from the pre- 
parative viewpoint, and particular attention is given to limitations, in- 
terfering influences, effects of structure, and the selection of experimental 
techniques. Each chapter includes several detailed procedures illustrat- 
ing the significant modifications of the method Most of these proce- 
dures have been found satisfactory by the author or one of the editors, 
but unlike those in Organic Syntheses they have not been subjected to 
careful testing in twm or more laboratories. When all known examples 
of the reaction are not mentioned in the text, tables are given to list 
compounds w'hich have been prepared by or subjected to the reaction. 
Every effort has been made to include in the tables all such compounds 
and references; however, because of the very nature of the reactions dis- 
cussed and their frequent use as one of the several steps of syntheses in 
which not all of the intermediates have been isolated, some instances 
may well have been missed. Nevertheless, the investigator will be able 
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to use the tables and their accorapan3Tng bibliographies in place of most 
or all of the literature search so often required. 

Because of the S3^stematic arrangement of the material in the chapters 
and the entrie.s in the tables, users of the books vdll be able to find in- 
formation dedred b}^ reference to the table of contents of the appropriate 
chapter. In the interest of econom3’' the entries in the indices have been 
kept to a minimum, and, in particular, the compounds listed in the tables 
are not repeated in the indices. 

The success of this publication, which will appear periodically, de- 
pends upon the cooperation of organic chemists and their vdllingness to 
devote time and effort to the preparation of the chapters. The3’' have 
manifested their interest alread3^ b3^ the almost unanimous acceptance 
of invitations to contribute to the work. The editors ^vill welcome their 
continued interest and their suggestions for improvements in Organic 
Reactions. 
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Tttbta X. Coupling of Diazonium Salts with Heterocyclic Compounds 
A. 6-Pyrazolonea . . , , , ... 

B Miscellaneous Heterocyclic Compounds 

Table XI Coupling of Diaionium Salts with Miscellaneous Compounds 
INTRODUCTION 

A diazonium salt will couple with an aliphatic compound containing 
an activated carbon -hydrogen bond. This discussion is limited to those 
reactions in which both nitrogen atoms of the diazonium salt are retained 
in the resulting molecule. The discussion is further limited by the exclu- 
sion of coupling reactions which occur with the elimination of a group 
from an activated methmyl compound, the Japp-Klingemann reaction, 
as these reactions are discussed in Chapter 2. 

Victor Meyer was the first to report the coupling of a diazonium salt 
with an activated aliphatic carbon atom.* He found that benzene- 
diazonium sulfate reacts with the sodium salt of nitroethane to give a 
colored product which was assigned the azo structure I. 

C.HjN^NCHNOj 

I 

C/I, 

Coupling with other nitroparaffins*"* as well as wnth ethyl acetoacetate*-* 
was soon reported. A question regarding the structure of the reaction 
products arose when it was discovered that benzenediazoniura chloride 
coupled with diethyl malonate to give a product identical with the 
phenyUiydrazone of diethyl mesoxalate (II) 

c.H.NjCi + cn,(CO,c,H:,j, v 

^ C,H,NHN=C(CO,C,H,), 
C.IT.NHNH, + CO(COjC,H,),^ 

Much of the early work with the coupling reaction was prompted by 
the desire to determine whether the products w'ere of the azo or hydrazone 

' Meyer »nd Ambllhl, Ber„ 8, 791 (19T8). 

• Meyer end Ambohl, Btr , 8, 107 J (1875). 

• Fneee, Btr , 8, 1078 (1875). 

‘ Meyer. Brr.. 0. 384 (1876). 

• zabhn, Btr , 10, 2087 (1877). 

• Meyer, Btr , 10, 207S (1877) 

» Zoblin, Btr , 11, 1417 (1878). 

•• Meyer. Btr , 21, 118 (1888) 
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With hy<irazones.i»->9 From the observation that primary hj-drazones 

(IV) couple readily w ith diazonium salts, w hereas secondary hydrazones 

(V) do not react,*® he proposed that the first product was an N-azo 
compound (VI) which rearranged to give the formazan derivative VII.* 
A crystalline intermediate, assumed to be the N-azo compound, was 
isolated from the reaction of benzenediazonium chloride w ith benzaldehyde 

RNHN=CHR + ArNjX HXN=CHR RNHN^CR 

IV I I 

N=NAr N=NAr 


R 3 NN=CHR -f ArNjX — No ri 


phenylhydrazone in alcoholic sodium acetate,*® Evaporation of an ether 
solution of this compound produced a formazan. 

More recent study of the reaction between benzaldehyde phenyl- 
hjdrazone and benzenediazonium chloride has shown that the product 
was dependent on the pH of the reaction medium,*®".*®® In a solution 
of pH 3, benzaldehyde p-phenylazophenylhydrazone was isolated. He- 
action at pH values of 4 to 8 produced up to 66% yields of 4-benzyIidene- 
1,3-diphenyl-l-tetrazene, whereas at a pH greater than 9 the product was 
N,N',C-triphenyIformazan The tetrazene changed to the formazan 
within a few hours at room temperature or rapidly when heated to 90°. 
Rearrangement also occurred in pyridine or ethanolic potassium h3'drox- 
ide. The fact that no l-phenylazo-2-naphthol was formed when the 
rearrangement was carried out in ethanolic potassium hydroxide con- 
taining jS-naphthol indicated that the reaction was intramolecular. 


C,n,CH=NNHC,H5 + C,HsN,Cl - 


> C,HsCH=NNnC,Hi(N=NC,ir5)-p 
I C,H,CH=NNC,Hs 

I 

N=NC,H 5 

C,niC==NNHC,H, 


'• Busch «nd Pfeiffer, Btr , 59. 11«2 (19261. 

>• Busch >nd Schmidt, Jler, 63. 1950 (1930) 

>• Busch .nd Schmidt, J prakt. Chtm , [2], 129, 151 (1931) 

>• Busch «nd Schmidt. / pralt C5«m , (2), 131, 182 (1931) 

>• von Pechmann, Per , 27, 1679 (1894). 

• Thesa compounds »« named as dens stives of tha hjpotheticsl lormossn, HpiKS= 
HS=±NII 

— Hsupmumn snd Pfnsae, Eipfrunlxa, 10. 60 (1934) (O A 49, 4534 <1955)1 
Hsuptitisnn and Pfrisse, Ch,m. . 89, 1091 (1956). 
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structure. It is difficult to establish with certainty the structures in such 
cases where two tautomeric forms are possible. However, it is generally 
assumed that the hydrazone is the stable form whenever coupling occurs 
at a methyl or methylene carbon. Hecently, Wiley and Jarboo have 
presented ultraviolet and infrared absorption data ^vhich corroborate this 
view.®^ In the limited number of compounds where coupling occurs on 
a methinyl carbon without the elimination of a group only the azo 
structure is possible. 

MECHANISMS OF THE REACTIONS 

Various mechanisms for the coupling reaction have been proposed. 
Dimroth observed that reaction occurred only with the enol forms of 
various ketones.^ He proposed that the first product was an enol ether 
which rearranged to give the final product. The isolation of intermediate 

OH 

I 

C^H^N^NOH -1 CH=C — CH=C — — C=C — 

I I I 

OH ON=NCcH 5 N^NCgHs 

0-azo compounds in certain instances gave further support to his 
proposal.^O""^^ However, these intermediates were isolated only from 
highly substituted aliphatic reactants such as tribenzoylm ethane. It is 
probable that this mechanism is applicable in special cases. 

When certain a,a-diarylethylenes react with diazonium salts, a crystal- 
line intermediate can be isolated.^^^^^ This is considered to be the 
carbonium salt III. The salt readily loses hydrogen halide to give an 

Ar^C^CIIz -f Ar'N2X^ (AraCCHsNaArO+X" ArgC^CHN^NAr' + HX 

III 

azo compound. Since these intermediates have been isolated only with 
rather complex molecules, it may be unwise to propose their formation 
as part of a general mechanism for coupling with all unsaturated 
hydrocarbons and cnols, 

Busch has studied the mechanism of the reaction of diazonium salts 

WHcy imd Jarboo, J. Am. C/iem. Soc., 77, 403 (1955). 

» Dimroth, Her., 40, 2404 (1907). 

Dimroth and Hartmann, ISer., 41, 4012 (1908). 

Dimroth, Lfichtlin, and Friedomann, Her,, 50, 1534 (1917). 

AuwfTH, Atm., 378, 243 (1910). 

** Dilthoy and Illankcnburg, prakt. Chem., (2), 142, 177 (1935). 

Wt7.ingrr and Cyriax, Tltlv. CVa'm, Ada, 28, 1018 (1945). 
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Diazotized o-ami noacetophenones also couple intramolecularly with 
the formation of 4*hytlroxycinnolmes. This reaction, which is favored 
by a strongly aeitlic reaction medium, is believed to proceed through an 
acid-catalj-zed enolization of the carbonyl group.” 


on» 



SCOPE AND LIMITATIONS 

Since the principal factor that influences this reaction is the nature of 
the aliphatic reactant rather than that of the diazonium salt, the 
following discussion is based upon the types of compounds that undergo 
coupling. 

Ketones 

Few' examples of the reaction of a simple ketone with a diazonium salt 
have been reported. Acetone reacts with benzene diazonium chloride in 
alkaline solution to give a product*® that was later identifled as methyl 
formazyl ketone (IX) ” The methyl group in pyruvic acid likewise 
reacts with two molecules of diazonium salt When one of the 
hydrogen atoms of acetone is replaced by an activating group, the 

cn.COCH, + 2C,H5 NjC 1 — C,nsN=NC=sNNHC,H5 
COCII, 

IX 

•< Schofield and Simpson J Chtm 5oe , 1948, U70 
w Bamberger and Wol», Btr . S4, 2793 (1891) 

« von Pechmann, Btr , 25. 3190 (1892) 

” Bamberger and Mailer, Btr , 27, 147 (1894) 
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However, when tlie telrazene was dissolved in a cold solution of hydrogen 
chloride in ethanol, bcnzaldehyde j)henylhydrazone and benzenediazonium 
chloride were regenerated. 

Most of the current theories formulate the reaction as the direct attack 
of the diazonium cation on a carbanion or a carbon atom with high 
electron density.^^^'^^"^ Tarbell has i)roposed such a mechanism for the 
reaction of a diazonium salt with nitromethane.^® The reaction of the 

ArN2+ (0Il2N02)''*-v ArN=NCH2N02 ArNnN=CHN02 

product with a second molecule of diazonium salt also was postulated as 
being ionic in nature. 

ArN 2 + + (Ai*N=NCHN 02)“-^^ ArN===NC==NNITAr 

I 

NOs 

Although the second reaction seems to be at variance with the experi^ 
ments of Busch mentioned above, it should be noted that the facts given 
by Busch do not exclude the possibility of an ionic mechanism for the 
reaction. Since the reactions in the system appear to be reversible, the 
isolation of N-azo compounds and the fact that they can generate the 
final product do not prove that they are intermediates. An alternative 
explanation for the observation that secondary hydrazones, such as V 
above, do not react may be that the coupling reaction requires the 
resonancC'Stabilized carbanion Villa VIII6,2^ 

BaHo 

RNfIN==:CHH )^HN— NCHR KNN=CHK 

villa wnib 

The diazonium salts prepared from o-aminophcnylacetylenes undergo 
intramolecular coupling to yield 4 -by droxycin nolines. Schofield and his 
co-workers believe that the first step in this reaction is the coordination 
of the diazoiiium cation with one carbon atom of the acetylene, followed 
by the addition of hydroxyl ion to the other carbon atom,^^*^^ 


on 



rtrui Ann,, 679, 2H (1953J. 

Scott, O’Sullivan, and Kcilly, J, Am. Chtm. iS’oc., 76, 5309 {1953). 

“ TarhoM. Todd, Prtul«on, Lind«trom, and Wy«trac!», J. Am. Chtm, fioc., 70, 1381 (1948), 
D. S. Tarbell, private communication. 

” Schofl«>ld and Simpson, J. Chtm. Sot., 1945, 620. 

Schofield and Swain. J. Chtm. fioc., 1949, 2393. 
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ethoxalyl group was eliminated when 9-ethoxalyIfluorene (XIII) was 
treated with a diazonium salt.®® The reaction of heterocyclic esters with 
2 moles of a diazonium salt is a convenient preparation of C-heterocyclic 
forraazans,®®® Ethyl 2-qumolylpyTuvate, for example, reacts with 
p-bromobenzenediazonium chloride to give a 79% yield of the formazan. 


+ 2f>-BrC,niNjCl 


J\j^5?^C=NNHC,n,Br-p 
N=NC,n,Br-p 


The only acetophenones that have been shown to undergo coupling are 
the o aminoacetophenones. When these amines are diazotized, reaction 
occurs intramolecularly to give 4-hydroiycinnoIine3 Although this 
reaction is favored by the presence of electronegative groups ortho or 
para to the ammo group, a 70-75% yield of 4-hydroxyeinnohne (XIV) 


OH 



could be obtained by warming a solution of diazotized o-aminoaceto- 
phenone in hydrochloric acid Tins transformation proceeds smoothly 
with a varietj'^ of substituted o- aminoacetophenones. It has been 
extended to include o-ammophenacyl halides which give 3'halogenated 
4-hydroxycinnolines.**"®® Higher homologs of o-ammoacetophenone pro- 
duce the corresponding 3 alkyl-4.hydroxycinnolines.=»-" 

The methylene group in d-diketones reacts readily with diazonium 
salts The product may be formulated as the monohydrazone of a 
tnketone Benzoylaeefone, for example, has been converted into the 
monophenylhjdrazone XV in 90 yield.*® A variety of ;3.diketones has 
been einplojed in the same general reaction. Cyclic ^-dikefones, such as 

Kohn >i«l Le»}. Dtr . 81, 22J0 <1938), 

UmAvuI HACC-Khfnidt. Ann , SSI. 33 (19S3) 

»’ KeiM-foni •«<! SimpTOn. / Chfm Soc., 1947, 917 
•• SfhoficM Swam, and Theobald. J Chrm Sof.. 1949, 3399 
•• L«<on»nl «nd Orj CTiem . 11. 419 (1946). 

*• Kenefor.! ond bimpwn, J Chtm. Snr . 194S, 3S4 
*■ Keneford .od Sin^i-ori,./ S»c . 1948, 2318 

•• -nd Lie J r*e>» ffoe , 1933, 480 
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methylene carbon is the one attacked. Compounds of this that have 
been investigated include chloroacetone,*® 2,4-dinitrophcnyiacctonc,-^ 
acetonyIp\Tidi!nuni bromide, and a variety of 3*aceton3d-l,2,4-oxadi- 
nzoles.^^'^* The product from acetonylp^Tidinium bromide had the 
betaine structure X. 

(ClIaCOCll.NCjUl^Br- -j- CJI^XX! -- CnaCOCNCsHs 

!i 

e 

Dicckmann reported tluit cyclopcntanc-1 ,2-dionc reacts with benzene- 
diazonium chloride to give the I-^Jlienylh^'drazonc of cyelopeiitane- 
1 ,2,3-trione.^^ The only instance of the coupling of 2 moles of a diazonium 
salt with a cyclic ketone was the reaction used by Willstatler to show 
the i^rescuce of two active methylene groiijjs in Iropinonc (XI).^* 

CIK— CIT rU^ C’U,--~CH C^^NNIlCJIs 

i'll' 'll 

NCH, CO -j- 2C(H.X;(;l — NCI r, CO 

i 1 11 

CII,- CII ClI, Cir.— ClI C=NNIlC,Ifs 

Xi 

The reivetioi\ of a fliazouium salt with 1 -etlu^xnlylindene (XII) produces 
th<* 1 -arylazoc*f)it\prMind.^'^ This contrasts with the observation that the 
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A ^-keto sulfonic acid retains the acid group uhen it couples with a 
diazonmm salt.”'** For example, the phenylhydrazone XIX has been 
prepared in 60% yield from 2-oxo-2-phenylethane-l -sulfonic acid. 

c,n,cocn,so,n c,n,N,ci — c,irjCocso,n 

|[ 

NNUC,n, 

XIX 

The reactions of ^-keto esters with diazonium salts have been studied 
extensively. Products from ethyl acetoacetate and over fifty different 
diazonium salts have been reported Good yields of the a-hydrazones 
of a,^-diketo esters are obtained if 1 mole of the diazonium salt is 
employed. However, the use of 2 moles of benzenediazonium chloride 
causes the elimination of the acetyl group to give an 80% yield of 
C-carbet hoxy -N,N'-diph enylfo rmazan(XX)."® 

cUjCociijCOjCjn, + c,n,N,Q ^ cu,cocco,c,n, 

II 

NNHC,H, 

Cn,COCCO,C,II, + C,H,N,C1 — C,H,N=NCCO,C,H, 

II ■ II 

NNHC.U, NNHC,n, 

XX 


Diethyl oxaloa estate likewise can react with 1 or 2 moles of benzene- 
diazonium chloride. If 1 mole of the salt is used, the product is 
diethyl dioiosuccinate phenylhydrazone (XXI). The addition of 2 moles 
of diazonium salt in strongly alkaline solution causes the replacement of 
the ethoxalyl group 

C.H.O.CCH.COCO.C.Hj -|- C.H.N.Cl C,H.O,CCCOCO,C,n, 

II 

NNHC,H, 

XXI 


C.H,O,CCC0CO,C,n, + C.H,NjC1 

II 

NNHC,H, 


,CCN=NC,H, 

II 

NNHC,H, 


There are no reports of the elimination of groups other than acetyl and 
ethoxalyl when 2 moles of a diazonium salt react with a ^-keto ester 


•* Farkas and Fiaher, J Chtm Soc , 1938, 83. 

*• Farkea and Tinaley, J Chtm. Soc , 1934. 18S1. 

« Bambergai and Wheelwright, J. prakt Chtm , [3], 69, 135 (1902). 
" nw.cenu»-<i<i SA 

Babiachong. Bull toe ciim Fron«. 13], 81. 79 (1904). 

•• Rabiaohong. oh,m F«.n«. 13], 31, 83 (1904) 
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cyclohcxnnc-l,3-(lione,**^ inctlionc/*‘^® aiul inrlnn-1 react ns 
readily as the acyclic analogs. 

cvjscocirxociia >1' cji^NsCi-^ cjrjcoccociij 

!l 

NNiicyr, 

XV 

A limited number of /J-keto uldehydcH has been invest igated.'*®'“^* In 
these compounds, the mothyleno grouj) reacts in the same manner as in 
/?-dikctoncs. 


p-Keto Acids* Esters* and Amides 

When a /?-kolo carboxylic acid is Irealcd 'with a diazonium salt, carbon 
dioxide is eliminated. The product from tlio reaction of benzenediazon- 
iuni chloride with acctoncctic acid is tlio l-])hcnylli 3 'drazono of pyruv- 
aldchydc (XVI). Tf 2 moles of diazonium salt are employed, meth}^ 
formazyl ketone (XVII) is the product.*'^^ carrying out this reaction, 
the general practice is to saponify a /?-kcto ester and then to add the 
diazonium salt solution directly' to the hydroly'sis mixture without 
isolation of the unstable ^-keto acid.**^"®^ 

CIIjCOCHsCOsII + CcnsNjjCl CIl3COCII===NNIlCJl5 

XVI 

CIIaCOCH^NNIICcHfi 4- CJIcN^NC^^NNHCgUs 

I 

COCH 3 

XVII 

Acetonedi carboxylic acid reacts with 2 moles of diazonium salt with 
the elimination of both carboxyl groups.^® The resulting product is a 
mcsoxaldehyde diaryl hydrazono (XVIII). 

C0(CH2C02n)2 + 2AvNfi\ CO(CH=NNHAr )2 

XVIII 

« Vorl/inder, Ann., 294, 2C3 (1807). 

** LifHchj'tz, Her., 47, 1401 (1914), 

Iyer and Chukruvarti, J. Indian Inst, Sci.. 17A, 41 (1034) [C. A., 28, 4300 (1034)]. 

« Tyor, J. Indian Inst. Sci., 21A, Pt. 0, 05 (1038) [C. 33, 148 (1939)]. 

WialiconuR and ReitzonBtein, Ann., 277, 302 (1803). 

** Dft8 and QIiobH, J. Am. Chem. Soc., 43, 1730 (1021). 

Boyor and Clainon, litr., 21, 1007 (1888). 

Bcnary, Meyer, and ChariBiUB, Her., 69, 108 (1920). 

Bonnry, Her., CO, 014 (1027). 

** Bamberger ond Loronzon, Her., 25, 3539 (1892). 

Japp and Klingemann, J, CVtcm. Soc., 53, 519 (1888). 

Japp and Klingemann, Ann., 247, 190 (1888). 

Reynold B and Van Allan, Orj, Sfjnthescs, 32, 84 (1952). 

** von Pcchmunn and JoniBch, Her., 24, 3255 (1891). 

” von Pcchmnnn and Vnnino, Her., 27, 219 (1804). 
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pigments. The Hansa Yellow's are obtained from the reactions of 
acetoacetamlides with various diazonium salts.”-«» Many variations in 
the anilide as well as in the diazomum salt have been studied in attempts 
to improve the color, stability, and solubility of the resulting dyes. 
Limitations of space preclude a survey of the extensive patent literature 
on this subject. However, those /3-keto amides whose coupling has been 
reported in the general literature are included in Table IIC. The dyes 
may be formulated as existmg m both hydrazone (XXVI) and azo 
(XXVIIa and b) tautomeric forms. 

OH 

I 

RCOCCONHAr RC=CCONnAr ECOCUCONIIAr 

II I I 

NNHAr N=NAr N=NAr 

XXVI xxviio XXVIK 

Malonic Acids, Esters, and Amides 

Malonic acid can react with 1, 2, or 3 moles of a diazonium salt. It 
appears that the reaction proceeds through the following steps, writh 
decarboxylation occurring in the first and second stages,''® Even when 

Cn,(COsH), + ArN,X — ArNHN=CHCO,H 
ArNHN^CHCOjH + ArNjX ArNnN=CIIN=NAr 
ArKHN=CHN=NAr + AiN,X -*■ ArNHN=C(N=NAr), 

equimolecular amounts of acid and salt are used, the reaction usually 
gives a mixture of the first two products. The relative amounts of these 
substances formed depend upon the nature of the diazonium salt 
employed Busch and Wolbrmg w ere able to isolate the phenylhydrazone 
XXVIII in S0% yield from the reaction of malonic acid wuth o-nitro- 
bcnzenediazonium chloride, but under similar conditions p-bromobenzene- 
diazonium chloride gave mainly’ N,N'-di'(P’bromophenyl)formazan 

o-0,NC,U,NIIN=CHCOjII pBrC,n,NirN=CnN=NC,H4Br-j) 

XXVIII 

(XXIX).” A formazan derivative is the main product with either 1 or 
2 moles of most diazonium salts. 

•' Fierz-Daiid and Zieglw. //cfw AcW. 11. (19ZS). 

- - 41, 80S (1929) [(7. A , *2, 3400 <1*38)1. 
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containing a methylene group. However, by analogy with the Japp- 
Klingemann reaction (p. 143), it would be expected that other acyl groups 
could be eliminated as well. 

Diethyl acetonedicarboxylate (XXII) reacts smoothly with 1 mole of 
diazonium salt.®^»®^ There have been no reports of further reaction with 
the second methylene group present in the molecule. 


C2H5O2CCH0COCH2CO2C2H6 -F C6H5N2CI C2H5O2CCCOCH2CO2C2H5 

XXII II 

NNHCgHs 


Diethyl oxalocrotonate (XXIII) may be regarded as a vinylog of 
diethyl oxaloacetate. Its behavior vdth diazonium salts depends upon 
the pH of the reaction mixture.^® When the ester is treated with excess 
p-bromobenzenediazonium chloride in ethanolic hydrochloric acid, the 
only product is the monophenylhydrazone XXIV. This product is 
converted into the azo derivative XXV if sodium acetate is added. The 
original ester reacts with 2 moles of diazonium salt in dilute ammonia 
with the loss of the ethoxaljd group. 


CHo 

I 

CH 

li 

CH 

I 

CO2C2H5 

xxni 


COCOoCoH. 


C=NNHAr 


ArX-X 


(HCl) 




ArX*X 


(CHaCOsXa) 


COCO.C0S5 

I 

C=NNHAr 

I 

CH 


CH 



XXIV 


ArN=NC=NNHAr 


C — ^N=NAr 

i 

CO2C2H5 

XXV 


CH 

I! 

CH 

1 

CO2C2HS 

The coupling of diazonium salts with /9-keto anilides has been studied 
extensively, because the products have found use as yellow dyes and 

•• BqIoiv find Hop frier, Ber,* 34, 71 (1901). 

•* Balow and GolJer. Btr., 44. 2S35 (1911). 

« rrnper, Ann.. 338, 3C0 (1905). 
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t, 11,0, ecu, cii=cnt’o,c,H, -I- 

XXXIV 

N MU', II, 

II c....N.a 

t’,ii,o,cc=ciicco,<.',n, ‘ ‘ 


c,n,o,ccx?n=cHco,c,ii, 

11 

NNIIC.H, 

.XXXV 

11 

c,ir,o,cc=cncn,co,c,H, 


Arylacetic Acids and Esters 

The only oryUcetic ftCid that has been observed to couple with 
diazonium salts is 2,4-dinitrophenylacetic acid,” Decarboxylation occurs 
as tuo molecules of the salt attack the ot-corbon atom to yield the 
formazan derivative XXXVI. 


\tTI,CO,II + 2ArN,X -► 0 ,n/ C " 

\_/ \— / \\KNnAp 

NO, NO, 

XXXVI 


Reactions of a variety of diazonium salts with methyl 2,4-djm'tro> 
phenylacetate have given good yields of the liydrazones of methyl 2.4- 
dinitrophenylglyoxalate (XXX VII). These hydrazones undergo ring 
closure in the presence of alkali with the formation of l-arylindazolea 
(XXXVIII).’''« 





-CCO.CII, - 
=/ 11 
NO, NNHAr 


ijCOjNa -f NaNO, 

J-.N 


At 

xxxvrii 


Although diethyl homophthalate does not react with benzenediazonium 
chloride, homophthalic anhydride in cthanol-chloroform solution is 


' ParkoB and Aldis, J . Chtm. * 

• Bnranbia and Btttachh, Ann . 688. 

• Boreche and Cjacont, Ann , 610, 

• Meyer. Btr , 22, S19 (1889) 


!, 190. 

) (1938). 
' (1934). 
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If an acidic solution of a diazonium salt is added to a solution of 
potassium malonate and sodium nitrite, both nitrosation and coupling 
take place to yield the azo derivative of formaldoxime/^ 

ArNjX + CH,(CO,K), - ArX=XCH=XOH 

• CHsCOjH 

Pormazyl chloride (XXX) is obtained from the reaction of 2 moles of 
benzenediazonium chloride with chloromalonic acid.’^ Alkylmalonic 
acids are converted into formazyl alkanes (XXXI) in a similar reaction/^ 

C6H5NHN=CN=NC6H5 C6H5NHN=CN=NCe;H5 

I i 

Cl K 

XXX XXXI 

When malonic acid monoethyl ester reacts with a diazom'um salt, 
carbon dioxide is eliminated with the formation of an arylhydrazone of 
ethyl gly oxalate (XXXII),’^® This hydrazone can react with a second 
mole of diazonium salt to give the formazan XXXIIa, It appears that 
the formazan is the only product isolated unless there is an o -substituent 
in the diazonium salt.^®‘^»’^'' Diethyl malonate, on the other hand, gives 
the arylhydrazone of diethyl mesoxalate (XXXIII). Similarly, 

HO2CCH2CO2C2H5 + ArN2X -V AtNHN^CHCOsCjHs -h- 

xxxii 

ArNHN=K:(C02C2H6)N=NAr 

XXXIla 

CHzCCOgCgHJa + ArN2X ArNHN=C(C02C2H5)2 

xxxm 

malonamide and its N-substituted derivatives are converted into the 
hydrazones of the corresponding mesoxalamides.'^^ 

Diethyl glutaconate (XXXIV) may be regarded as a ^dnylog of diethyl 
malonate. Henrich has studied its reactions udth both 1 and 2 equiva- 
lents of diazonium salt."^® The use of 1 equivalent of salt gives diethyl 
oxoglutaconate phenylhydrazone (XXXV), A second equivalent couples 
at the other a-carbon atom. 

Fusco and Romani, Gazz. chim, itaL, 76, 419 (1946). 

Walker, J, Ghem. Soc., 123, 2775 (1923). 

Leonard, Boyd, and Herbrandson, J. Org. Chem.^ 12, 47 (1947). 

’*** S. Pannerter and E. J . Hodges, unpublished obsex*\'’ations. 

Hantzsch and Thompson, Her,, 38, 2266 (1905). 

Wbitoley and Yapp, J. Chem. Soc., 1927, 521. 

Henrich et ah, Ann., 376, 121 (1910). 
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Ring closiirr lo give a 71 % yield of 3-cyanoindnzole (XLII) takes place 
when o-aminophenylacetomtrile is diazotizcd.** It appears that this 
cychzation has not liecn invcstigatetl mth nuelear-suhstituted o-araino> 
pheiiylacelonitnlcs. 


C |cn,cx MNP, 4- iiCT 
Inii, 



Nitriles in which the cyano group is adjacent to a methinyl carbon 
vary m their reactions with diazonium salts, Benzylmalononitril© 
(XLIII),»» «-c3'ano-y-h3'droxybiitjTic acid lactone (XLIV),*^ 1, 2,3,4- 

CCQ 

XLtn xLtv xiv 


ArSOjCHCN 


tetrahydroacridine-4 carbonitrilo (XLV),“ and a-arylsnlfonylpropioni- 
triles (XLVI)*® form the azo compounds. Ethyl a-cyanobutyrate is 
reported to undergo two different reactions. With this ester Favrel 
isolated the hydrazono XLVII formed by migration of the ethyl group. 


c,u,cnco,c.iii -f c,n,N,ci — 


CN 


c,ir, c,n, 

I I 

C,HsNN=CCO,C,Hj + C,H5N=KCOO,C,H, 


CN CN 

XLVII XLVin 


•“ Pachori end Hoppe, Ber 
•• Cuitin end Bussell, J Ar 
” Feofilaktov and Oniahcbi 
(1910)] 

»• Bor8cK» artd ^ 


43« 2543 (19JD]e 

Ckem ^ocr 73. 4975 (1951) 

nkcp, J Gin Chetn U^SS, 9 , 325 <1939) [Cf, A , 34. 379 


. 534. 55 (1939). 
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converted into the a-phenylhydrazono cornpound.^^ Dimethyl o-nitro- 
homophtlialate (XXXIX) also couples, and a Himultaneous ring closure 
produces the suhstituled dihydroj)ht)ialazone XL."‘* 


-\XXIX 


-I- r.iLx* a 


0,X1^. 


cox'ir. 



XL 


Nitriles 

A neail}^ quantitative yield of ethyl cyanoglyoxalatc plienylhydrazone 
( LI) is obtained from ethyl cyanoacctntc and benzenediazonium 

CcUjX,Cl 4- CIljCOXJIj CclIsXUN^CCOsCsHs 


XLT 

chloride m the presence of sodium acetate or sodium carbonate.®^ A 
variety of diazonium salts has been used in similar reactions with esters of 
cyanoacetic acid. Other nitriles that undergo the same typo of coupling 
contain a methylene group between the c^^ano group and some other 
actuating group. Examples are malononitrile,®^*®* cyanoacetalde- 
fl cj^anoacetanilide,'^^^ ethyl c^^anop^Tuvate,®®*®" nitroacetoni- 
tnle, .8® )5-iminonitriles,«o.»i and /9-sulfonitriIes.»2,03 coupling pro- 

ucts from /9-ketonitriIes form chromium complexes that are dyes.®* 
yanoacetic acid combines with 2 equivalents of benzenediazonium 
chloride to produce formazyl cyanide.®^ 


** Dicckmann and Memor, Der,, 41, 3253 (IflOS). 

** ]^Qckoborg, J.prakt. Chem., [2j, 49, 321 (1894), 
Schmidtmann, Her., 29, 1108 (1890). 

Lythgoe, Todd, and Topham, J. Chtm. Soc., 1944 315 
Claisen, Her., 36, 3004 (1903). 

*• Borfiche and MantoufTel, Ann., 512, 97 (1934), 

Fleischhauer, J. prakt. Chem., [2], 47, 375 (1893). 

** Stcinkopf and Bohrmann, Her., 41, 1044 (1908). 

Stcinkopf, J. prakt. Chem., [2], 81, 193 (1910). 

•“ von Moyer, J. prakt. Chem., [2], 52, 81 (1895). 

” von Meyor, J . prakt. Chem., [2], 78, 497 (1008). 

•* Troger and Bcrndt, J. prakt. Chem., [2], 102, 1 (1921). 

” Troger and Wunderlich, J. prakt. Chem., [2], 101, 157 (1921). 

Long, J. Am. Chem. Soc., 69, 990 (1947). 

»*« Wedekind, Her., 30, 2993 (1897). 
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o-aminophenylsHlfonylacetic acid (sulfazone) (XLIXrf) and various 
diazonium salts.*” 




u., 




Nltro Compounds 

A nitroparaffin that has one or more hydrogen atoms on the a-carbon 
atom can couple mth a diazonium salt. A mixture of products is 
obtained from the interaction of nitromethane and benzenediazonium 
chloride Nitroformaldehyde phenyl hydraz one (L) is obtained when 
the reaction is carried out in dilute hydrochloric acid.*” However, 
N,N'-diphenyI-C-nitroformazan (LI) is the principal product in weakly 
alkaline solution or even at pH 4.5.*'* In alkaline solution, a third 
molecule of diazonium salt causes replacement of the nitro group by a 
phenyl group. 

CH.NO. c.H.NnN=cnNO. 

C,H,NHN=CNO, ‘^*^*^**^> C,n,NnN=CC,H, 

[ I 

C,HjN=N C,H,N=N 

Tlie product isolated from the reaction of nitromethane with other 
diazonium salts usually has been the nitroformazan derivative.*®-*®* 

Other primary nitroparaffins couple only once to give hydrazones of 
l-nitroaldehydes, and secondary nitroparafGns yield azo compounds. 

RCII,NO, + AjNjX -► RCNO, 

NNHAr 

R,CHNO, + ArN,X-» BjCKO, 

I 

N=NAr 

••• CI.MB, Ber., 45, 74? (19U) 

••• Bamberger. Schmidt, and Levinstein, Btr , 33, 2043 (1900;. 

••• Bamberger, Bef , 27, 15S (1894) 

••• Hnbbard and Scott, J Am. CArm Joe. 65, 2J90 (1943). 
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as well as the expected azo compound XLVIII.^^ When an acetyl group 
is attached at the methinyl carbon, as in ethyl a-cyanoacetoacetate, the 
Japp*IQingemann reaction occurs with loss of the acetyl group.^®® 

One example of the loss of the cyano group during a coupling reaction 
has been reported.^^ The products isolated from the reaction of 
3-methylquinoxaline-2-acetonitrile and _p-chlorobenzenediazonium chlor- 
ide in dilute ammonium hydroxide were the formazan (XXiVIIIa) and 
urea. 


— A 


2p-C\C^B:^T^^Cl - ) 


^C=XNH06H,CI-p 


N=NC6H4Cl-p 
XL villa 


Sulfones 

A methylene group adjacent to two sulfonyl groups is attacked by a 
diazonium salt. The normal product is the monophenylhydrazone 
XLIXa even when an excess of the salt is used.ioi However, in the 
reaction of 7J-nitrobenzenediazonium fluoroborate with various sulfones 
two other products, the arjdazosulfone XLIX6 and the tetrazolium 
betaine XLIXc, were isolated alsod°‘= 


ArXj® -f (RSOjljCHj-v (RSOj) 2 C=XXH 2 Vr + ArX=XS02R -r ArN — 

XLIXa XLIXi II II „ 

N CO® 

\/ 

X 

At 

XLlXtr 

Other sulfones that couple with diazonium salts have a methylene 
group between a sulfon}^ and some other activating group such as 
nitro, » c3'ano,^®^*®2,93 carboxyl, carbethoxv,^®^»®^ or carbox- 

amide. Claass prepared a series of dyes from the cyclic amide of 

•• Favrcl, Bull, eoc. chim, France, [4]. 47, 1290 (1930). 

FaxTol. Bull, 90C, chim. France, f3j. 27, 200 (1902). 

*•* Bftcker, Btc. trav, chim., 70, 733 (1951). 

Trogcr and Xolte, J. prakt. chem., [2], 101, 13G (1921). 
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Hydrocarbons 

In this section are included aliphatic hjdroearbons and compounds 
containing a reactive hydrocarbon radical bonded to an aromatic ring 
A number of aliphatic hj’drocarbons with conjugated double bonds 
form monoazo derivatives w ith diazonium salts The yields are 

usually low, even with the reactive diazonium salts prepared from 
p-nitroanihne or 2,4-dinitrQanilme Coupling occurs at the carbon atom 
having the highest electron density. In 1,3-butadiene this is carbon 1, 
whereas m 1,3-pentachcne it is carbon 4 

p-o,Nc,ii.N,x -f cnj=CHcii=cn, — 

p-OsNC,H4N=NCn=CnCII=CH, 


P-o,Nc,H,N,x + cn,cn==cHCH=cn, 

CH, 

I 

p-OjNC,H^N=NC=CHCH=CH, 

The only two monoolefins that couple are 2-methylprQpene and 2-methyl- 
2-butene The cyclic hydrocarbons cyclopentadiene*^’-'** and indene'^“ 
also give monoazo derivatives. 

The coupling of «,a-diarylethylenes with diazonium salts W'as discussed 
above (p, 4). A similar reaction, w'hich occurs intramolecularly wrhen 
o-ammophenylethylenes are diazotized, is the Widman-Stoermer sjrnthesis 
of cinnolines. ***“'*' The scope of tliis reaction has been studied by 


R' R' 



Simpson and Stephenson, and by Schofield. ‘2* who have found that 
good yields of the cinnoline are obtained when R' is methyl or aryl and 
R is hydrogen. Cmnohne formation also occurs when both R and R' are 
aromatic However, if E' is hydrogen or carboxyl and R is aromatic, 
ns Meyer, Btr . 62. H68 (1919) 

«• Terent'ev and Demidova, J Oen Chem UBB.B , 7, 2404 (19J7) [<7. A , 32, 2994 
(1938)]. 

■” Eibner and Laue ^er , 59. 2022 (1906) 

“• Terent'ev and Gomberg, J. Otn. Chcm UBJS B , 8, 662 (1933) (C. A., 83, I28S (1939)]. 
“• Widman, Btr., 17, 722 (1884). 

Stoermer and Fincke, Btr , 42, 3115 (1909) 

S« Stoermer and Gaue. Btr., 46. 3104 (1912). 

sss Simpeon and Sieplieneon. 3 VTfttri Sat , 363 

is> Schofield. J Chtm Sot , 1949, 2108 
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Degradation of the molecule sometimes occurs wlien a nitroalcohol 
reacts with a diazoniuin salt. For example, 2-nitropropanol and benzene- 
diazonium chloride give formaldehyde and a 78% yield of 1-nitroacetal- 
deliyde phenylhydrazone.^®'^ Similarly, 2 -nitro-l -butanol is converted 
into l-nitropropionaldehydc phenylhydrazone. If the reaction mixture 
from 2-nitro-l -butanol and a diazonium salt is acidified immediately, the 


CHaCHjCHCHaOII -h ArN.X-*^ 


NO. 


N=:NAr 


CH3CH.CCH2OH 

NO2 

Lll 


Cn3CH2C=NNHAr -f CHjO 

I 

NO2 


2-arylazo-2-nitro-l -butanol (LII) can be isolated.^®® 2-Hydroxy-l' 
nitroparaffins couple normally to give the phenyl hydrazones of 2 -hydroxy* 
l-nitroaldchydes. However, the addition of a second mole of diazonium 
salt causes the elimination of aldehyde from these products. 


BCHCHgKOg 

1 

OH 


> RCHC—NNHCgHfi >- 


HO NO. 


CeHjN=NC=NNHC6Hs -{- KCHO 

I 

NO, 


Migration of the nitro group is observed when the a-carbon atom holds 
two other electron-attracting substituents, one of which is a phenyl 
group. In these instances the nitro group migrates to the position para 
to the hydrazone group. (If the para position is blocked, the nitro group 
enters the ortho position.) Examples that have been reported include 

phenyldinitromethane diphenylnitromethane,^^2,n3 and 

a-nitrophenylacetonitrile.^^'* 


CcH 5CH(N02)2 *f CcHfiNgCl 
Tail 


CcHiiC=NNH(^^ ^NOg 


NO, 


Jones and Kenner, J, Ohem, Sqc,^ 1930, 010, 

Gochonour and Dogcring, Proc. Indiana Acad. Set., 57, 88 (1048) [C. A., 43, 4046 
(1949)]. 

109 Ponzjo, Oazz. chim. ital.f 39, II, 535 (1009). 

11® Ponzi'o and Macciotta, Oazz. chim. iiat., 44, 1, 209 (1914). 

>i‘ Ponzio and Macciotta, Oazz. chim. ital., 44, II, 03 (1914). 

11* Ponzio, Oazz. chim. ital., 42, I, 525 (1912). 

11* Busch and Schiiffnor, Ber., 56, 1612 (1923). 

11* Ponzio and Giovotti, Oazz. chim. Hal., 39, 11, 540 (1909). 
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Hydrocarbons 

In this section are included aliphatic hydrocarbons and compounds 
containing a reactive hydrocarbon radical bonded to an aromatic ring. 

A number of aliphatic hydrocarbons with conjugated double bonds 
form monoazo derivatives with diazonium salts i**-*^* The yields are 
usually low, even with the reactive diazonium salts prepared from 
p-nitroaniline or 2,4 dinit roanil me. Coupling occurs at the carbon atom 
having the highest electron density. In 1,3-butadiene this is carbon 1, 
whereas in 1,3 pentadiene it is carbon 4 

p-0,NC,H,NjX + CHs=CHCII=CHj — 

p-OjNc,H4N=Ncn=cncn===cn, 


p-OjNC.HjNjX + CHjCH=CnCH=CHj -» 

p-O.NG.HjN^ 


CII, 

I 

=NC=CHCH=CH, 


The only two monoolefins that couple are 2-methylpropene and 2-methyI- 
2-butene.*** The cyclic hydrocarbons cyclopentadiene**’"*** and indene**" 
also give monoazo derivatives. 

The coupling of «,« -diary lethylenes with diazonium salts was discussed 
above (p. 4). A similar reaction, which occurs intramolecnlariy when 
o-aminophenylethylenes are diazotized, is the Widman-Stoermer synthesis 
of cinnolines **•-*** The scope of this reaction has been studied by 



Simpson and Stephenson,*” and by Schofield,*** who have found that 
good yields of the cinnobne are obtained w hen R is methyl or aryl and 
R is hydrogen. Cinnobne formation also occurs w hen both R and R' are 
aromatic. However, if R' is hyilrogen or carboxjl and R is aromatic. 


■“ Mer»r. flff . 52. 

Terent'ev and IX’mido'a, J. 


VSJS K . 7, 21*4 tc. A , 82, 2094 


Fiboer and Laue, Der . 39. 2052 
Terent'ev and Comberg. /. Grn 
Widman, Pre. 17, 722 (»»*♦)• 

Stoern.ee and F.neke. Bee. «, JUS (1»00>. 
Stoerreer and Oan«, Bee , 45, 3104 (1 012) 

... S.mp.««andS.epher.«r..y TAre. See, 19U, 353 
iM Sehofield.,! CA*m Sot.. 1949. 210S 
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the diazotized amine tindergoes the Pschorr reaction to yield a phenan- 
threne derivative. 

When ^-methoxyphenylacetylene couples vdth 2,4-dinitrohenzene- 
diazonium sulfate, a 69% yield of a-T^-anisjdgtyoxal ^-2,4-dinitrophenyl- 
hydrazone (LIV) is formed.^^^ This reaction is similar to the synthesis 



of 4-hydroxycinnoline (LV) from diazotized o-aminophenylacetyleneA^'* 
In each case the elements of a h3^droxyl group, derived from the aqueous 
reaction medium, appear in the product. This ring clostire was used first 



OH 



liV 


by von Pdchter to make 4-hydroxycinnoline-3 -carboxylic acid from 
o-aminophenylpropiolic acid.^^G Hecent examples of the reaction have 
employed nuclear substituted o-aminophenylacetylenes, e?-aininophenyl- 
propiolic acids, and o-aminodiphenylacetylene.^*^^ 

Although styrene does not react vlth 2,4-dinitrobenzenediazonium 
sulfate, ^-methoxystyrene (LVI) is converted to the 2,4-dinitrophenyl- 
hydrazone of anisaldehyde by this reagent. The same product is 
obtained when the dry diazonium salt is added to an alcoholic solution 
of anethole (LVII).^’ Acetaldehyde is eliminated in the second reaction. 
Other compounds that show a similar coupling with the loss of acetal- 
dehyde are isoeugenob^^s isosafrole,^^- isoapiole,^^? ^^d p-propenyl- 

dimeth^daniline.^^ It is even possible to obtain a 60% ydeld of 
^-hj^’droxybenzaldehyde _p-nitrophenylhydrazone from the action of dry 

’** Ainley and Robinson, J. Chem. Soc., 1937, 369. 

Schofield and Simpaon, J. Chem. Soc., 1945, 512, 
von Richter, Ber., 16, 677 (1883). 

Quilico and Freri, Gazz. chim, 58, 380 (1928). 

»** QuUico and Fleiscbner, Gazz. chim. ital., 59, 39 (1929). 

Qailico and Freri, Gazz. chim. itul., 60, 606 (1930). 
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p-nitrobenzenediazonium sulfate on an alcoholic solution of p-propenyl- 
phenol.i*" 

The reaction of an «,^-unsaturated tertiary amine with a diazonium 
salt resembles that of an unsaturated hydrocarbon Coupling occurs at 
the ^-carbon atom, and the amino group is eliminated. If there is a 
hydrogen substituent on the ^-carbon, the /?-arylhydrazone of a glyoial 
is obtained Hoviever, if there is no hydrogen attached to the (S-carbon, 
the enamine is cleaved to give the hydrazone of a ketone.*®®® 

RCH=CHNR,' + ArNjX -► RCCHO + R'NH 

l| 

NNHAr 

R,C=CnNR; + ArN.X R,C=NNHAr + R'NCHO 

Methyl groups in the « or y positions of some heterocyclic compounds 
combine with diazonium salts. For example, O-methylacridinB (LVIII) 



has been coupled with a number of salts to give the arylhydrazones of 
acridine 9-carboxaldehyde.*®‘ If the hetero atom is converted into the 
onium salt, the activity of the methyl group is increased 2,3,3- 
Trimethylindolenine is an exception, for the base is more reactive than 

t>« Quilico and Freri. Oats, chtm, itai , 59, 800 (1929) 

III. crary. QuayU, and L«>t«r,y Am. Ciem.Soc , 78, 8584 (1956). 

Poral Koshita and Kharkharov, But!, acad »e» U USB. ctasK aoi. chtm , 19«, 143 
{C A . 39. 1631 (1945)] 

«• Kharkharov, X Oft. Chtm. U.S S B , S3, 1175-1181 (1953) [P A , 47, 12390(1953)]. 
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the diazotized amine undergoes the Pschorr reaction to yield a phenan- 
threne derivative. 

When p-methoxyphenylacetylene couples with 2,4-dinitrobenzene- 
diazonium sulfate, a 69% yield of a-p-anisylglyoxal /?-2,4-dinitrophenyl- 
hydrazone (LIV) is formed.^^^ This reaction is similar to the synthesis 


CH. 




:CH + HOiSN, 





NO, 


NO, 


CHaO^ ^COOH=NNH^^ ^NO; 

NOj 

LIV 


of 4-hydroxycinnoline (LV) from diazotized o-aminophenylacetylene.^^^ 
In each case the elements of a hydroxyl group, derived from the aqueous 
reaction medium, appear in the product. This ring closure was used first 


OH 

^C=CH 

NaNOa + HCl 

LV 

by von Richter to make 4-hydroxycinnoline -3 -carboxylic acid from 
o-aminophenylpropiolic acid .^20 Recent examples of the reaction have 
employed nuclear substituted o*aminophenylacetylenes, o-aminophenyl- 
propiolic acids, and o-aminodiphenylacetylene.23»i25 

Although styrene does not react with 2,4-dinitrobenzenediazonium 
sulfate, p-methoxystyrene (LVI) is converted to the 2,4-dinitrophenyl- 
hydrazone of anisaldehyde by this reagentA24 The same product is 
obtained when the dry diazonium salt is added to an alcoholic solution 
of anethole (LVII).^27 Acetaldehyde is eliminated in the second reaction. 
Other compounds that show a similar coupling with the loss of acetal- 
dehyde are ^ i 8 oeugenol ,^28 isosafrole,^^? isoapiole,^^? ^nd p-propenyl- 

dimethylaniline.120 It is even possible to obtain a 60 % yield of 
p- y roxybenzaldehyde p-nitrophenylhydrazone from the action of dry 

*** Ainloy and Robinson, J. Chem, Soc.^ 1937, 309. 

Schofield and Simpson, J. C/iem. Soc„ 1945, 512. 
von Richter, Rcr., 16, 077 (1883). 

Quilico and Frori, Qazz, cM*m. 68, 380 (1928). 

!*! Flcischner, Qazz. chim, UaL, 59, 39 (1929). 

* Quilico and Frori. Qazz. chim. ital., 60, COG (1930). 
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not take place with secondary hydrazones was mentioned on p S.’'® 
The reaction of the phenylhydrazones of 2-hydroxy-l.nitroaldehydes with 
degradation of the molecule to give an aldehyde and nitroformazan was 
mentioned under the discussion of nitro compounds. The formazans 
obtained from phenylhydrazones of aldoses have proved to be useful 
derivatives of these sugars 

The hydrazones of only two kinds of ketones have been converted into 
formazans. These are the arylhydrazones of ot-keto acids (LXI)i*.i**-i*s 
and the a-arylhydrazones of a,(d-diketobutyrio esters 
With the first type coupling causes decarboxylation, and with the second 
type an acetyl group is replaced. These eliminations are very similar to 
the Japp-Klingemann reaction. 

BCCOoH + C,HjN,X -► RCN=NC,H, + COj 

II II 

NNHC.Hs NNHC.H5 

LXI 

C,H|jN=NCCOjR + CH,CO,H 

II 

NNHC,H5 

Reports of the isolation of two isomeric forms of unsymmetrical 
formazans!®*!" have been shown to be erroneous The unsym- 

metrical formazans obtained by both possible routes (A and B) are 
identical. The isolation of the same compound from both of these 
reactions has been rationalized by the assumption that the product has 
the structure of the resonance hybrid of the chelated forms LXIII”".!" 


CHjCOCCOjR + CjHjNjX -»■ 

NNHC,n, 

LXri 



yti'k. J.chim 83, lilt {1903) 
T«ndSch.eai,mr., 83, 747 <1900) 


i*» M« 
>»♦ Ho 


.nd BoberU, J Chem Soc , 1941, 820. 
r J,n=h*l. .nd Kuhn, Ch,m 8*. 851 (19S1). 


1966 (1954)]. 
Z, 25 (1952) 
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Ar 

N— 

// \ 

PathA-. RCH=NNHAr + Ar'NaCl ^ RC^ H 

N=N' 

I , 

Ar 

Ar' 

t 

N— N 

// \ 

PathB-- RCH=NNHAr' + ArN2Cl ^ RC^ H 

n=n' 

I 

Ar 

Lxni 

A formazau in which the carbon is joined to a carboxyl, 
acetyl, ^2, 142 qj. oxalyl group'^^ loses that group' when it couples with 
another molecule of diazonium salt. 

RNHN=CN=NR + ArNgCl -> KNHN^CN=NR 

I I 

X N=NAr 

(X = — C0*1I, — COCH 3 , — COCOjlI) 


Heterocyclic Compounds 

In this section are included those heterocyclic compounds that have a 
methylene group with a carbonyl group adjacent to it in the ring. These 
reactants can exist in the tautomeric enolic form as well. 

Of the compounds in this group, the 5-pyrazolones have been investi- 
gated most extensively because of the successful use of their azo 
derivatives as dyes. No attempt has been made to include here all of 
the p^Tazoloncs that appear in the patent literature. The early patents 
in this field have been reviewed by Roux and IVIartinet,^^* and some of 
the more recent ones have been discussed by Venkataraman.^®® The 
l-aryl-3-mcthyl-5-p5'razolones (LX IV) liave been used most frequently' in 
tlie preparation of dyes. PyTazoloncs with a methyl group in the 


n«ml>»‘rprr nnd Wheelwright. Ver., 25, 3201 (1892). 

*** ClmttAWftv and Lyo, jProc. /My. Soc. Jx/ndon, A137, 489 (1932) [C. A., 26, 5355 (1932)]. 

llftinlxTgf'r and Mailer, J. praht. CArm., [2], 64, 190 (1001). 

*»< House and Martinet, Hev. gh\. mat. color., 27. 115-120. 134-139. 152-155 (1923). 28, 
13-U. 74-T7 (1924). 

Vcnkntnrnman. Thr Chrmt^try of Synthetic Dyes. Clmpter XVIII, Acndcmlc Pre«9, 
New York, 1952. 
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4-position fail to react ith diazonium salts On the other hand, 
pyrazolones with an ethylene, isopropylidene, or benzal group in the 
4.position couple with the loss of that 8ubstituent.*®’AS« 

n,c ccii, 

I II 

OC N 

\ / 

N 

I 

Ar 

Other heterocycles that contain a methylene group active toward 
diazonium salts include 3,5-pyrazolidinedione3 (LXV), 5-isoxezoIones 
(LX VI), 1. 2,3-triazole S-ones (LX VII), 2(3)-thianaphthenone (LXVIII), 
3{2)-thianaphthenone (LXIX), 1-phenyloxindole (LXX), indoxyl (LXXI), 
barbituric acid, and homophthalimide. 



SYNTHETIC APPLICATIONS 

The reactions of diazonium salts with many aliphatic compounds have 
been used only to prepare derivatives for purposes of characterization. 
The adaptability of the reaction to large-scale syntheses is evident from 
the quantities of dyes that have been produced from )3-ketoamides and 
5-pyrazolones The Pschorr synthesis and related diazonium ring closure 
reactions are discussed in Chapter 7 of Organic EcacUons, Volume 9. 

Cinnolines 

All of the general methods for the preparation of cinnolines employ the 
intramolecular coupling of a diazonium salt w ith some aliphatic substituent 

«• Verkods and Dhoat, Sm. trsv chxm , S4, 165 fl6<5J 

•« Stolz, Ber , 28, 62S (1895) 

Sswdoy. BuofT, •nd Vittuni, J- Am 


\ / 


ol & 
\ / 


I I 

OC N 

\ / 


Cliem Soe , 72, 4947 (1950) 
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in the ortho position. The Borsche synthesis^^® from o-aminophenyl 
ketones (LXXII) has been used to prepare a variety of 3-, 5-, 6-, 7-, and 
8-substituted 4-hydroxycinnolines.22.24,37-4i,i59->i67a,6 method of von 

Richter^^® based upon o-aminophenylacetylenes (LXXIII) produces 
3-carboxy- or 3-phenyl-4-hydroxycinnolines.^^«^^^ Cinnolines with alkyl 
or aryl substituents in the 4 position are obtained by the Widman- 
Stoermer synthesis from o-aminoar34ethylenes 


O COCIRR XaXOa -f HX 

^ 

LXXII 


OH 



OH 



3 •Xitro cinnolines have been synthesized by coupling diazotized 
o-aininobenzaldeliyde or o-arninoacetophenone with nitromethane and 
cyclizing the resulting arylliydrazonc of iiitroformaldehydcA®"'^ 

o-ncocji,N,x 4 - CH3NO2 It 



o-uvocji^yus=cnyo. ^ 
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Indazolcs 

Intr#molec«lnr coupling of fUazotizcd o-toluitlincs has been used fo 
prepsvTC ft mmdxjt of substituted mdflioles This method is best for the 
8j-nthcsw of nitroindnzoles (LIX). A good yield of indazote-3-carboxyIic 
ncid IS obtained via the nitrile Xhll from o-nminnphenylacetonitri!e.*“AM 
A method for the preparation of l-aryl-G-nitroindazolos (XXXVfll) 
employs the reaction of a iltnzoniiiin salt uitli methyl 2,4-dinitrophenyl- 
acetnte When the resulting hjdrazonc is treated with alkali, it 
undergoes ring closure w ith the loss of one nifro group. 


Tetrazollum Salts 

When a formazan is oxidized with lead tetraacetate, a tetrazolium salt 
(LXXV) IS produced The formazans in turn are synthesized by coupling 
a diazoniiim salt with an arylhsdrazone. This general route appears to 
be the only good one for the preparation of tetrazolium salts The 
preparations and uses of formazans and tetrazolium salts have been 
reviewed by Ried**’ and by Nmeham 


IlCII=XXHAr 


+ A^'^,X — 


HC^XXHAr 


Pb(orocn,)„ 

th« HX 


X=NAr' 


N— NAr 



N=NAr'J 

I.XXV 


Thiocarbazones 

The first step in the synthesis of thiocarbazones utilizes the reaction of 
nitromethane with two equivalents of diazonium 8alt.*®Ao«,i7o Tijg 
resulting nitroformazan is reduced by ammonium sulfide to the thio- 
carbazide LXXVI w hich is oxidized readily to the tliiocarbazone. 


NOj 

2ArN,X + ClI,NO, ArNnN=CN=NAr 


(AjNHNH)jCS - 1-4 . AtNHNBCN=NAt 


"• OMper .nd Khogenberg, J Org. Chem., 13, 309 (1918). 
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A related synthesis starts with chloromalonic acid.^^^® In this method 
the chloroformazan is converted directly to the thiocarbazone by sodium 
hydrogen sulfide. 

Cl S 

I NaSH II 

2ArN2X -b C1CH{C02H)2 ArNHN=CN=NAr > ArNHNHCN=NAr 


Amidrazones* 

The catalytic reduction of arylhydrazones of a*nitrobenzaldehyde 
(LXXVII) offers a convenient synthesis of amidrazones.^’^ Coupling of 
a diazonium salt vdth phenylnitromethane furnishes the required hydra- 
zone. Ponzio obtained the amidrazones from the reaction of the 
a-nitrobenzaldehyde arylhydrazone \vith ammonia 

ArNjX + CsHsCHjNOj OeH6C=NNHAr CoH6C=NNHAr 

I I 

NOj NHj 

LXXVII 

Amines 

The only report of the use of the coupling reaction to introduce the 
amino group into active methylene compounds appears in the patent 
literature.^’^ In this method the phenylhydrazones obtained from ethyl 
acetoacetate, ethyl cyanoacetate, or acetylacetone and benzenediazonium 
chloride were reduced with zinc and acetic acid to give the a-acetamido 
compounds. 


EXPERIMENTAL CONDITIONS 

Diazonium salts react with so many different types of aliphatic com- 
pounds that it is difficult to make generalizations about experimental 
conditions. However, the following summary may serve as a useful 
guide. 


Diazonium Salts 

For the diazotization of most arylamines a solution of sodium nitrite 
is added to a cold solution of the arylamine in aqueous mineral acid. 

i7oa Irving and Bell, J. Chem. Soc,^ 1953, 3638. 

• Amidrazones may bo represented by the general formula BC(NHj)==NNHR'. They 
are indexed in Chemical Abstracts as the hydrazones of amides. 

Jerchel and Fischer, Ann., 574, 85 (1951). 

Ponzio, Qazz. chim. ital., 40, I, 312 (1910). 

Pfister and Tishler, U.S. pat. 2,489,927 fC. A., 44, 2552 (1950)]. 
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For weakly basic amines or ammo acids it is necessary to employ special 
techniques. These methods have been reviewed by Saunders.ii‘ 


Solvents 

These reactions have been conducted most frequently in cold dilute 
aqueous solutions buffered with sodium acetate. Alcohol or occasionally 
pyridine or acetic acid is added if the reactants are too insoluble in water. 
Special reactions that have been carried out under anhydrous conditions 
were discussed under Scope and Limitations, pp. 22—23, 


pH 

Reaction can occur between a diazonium salt and many active methylene 
compounds over a wide pH range. Coupling in dilate hydrochloric 
acid**'** or in dilute sodium hydroxide'’* is usually leas satisfactory than 
coupling in the presence of sodium carbonate or sodium acetate buffers ** 
The general practice is to use a large excess of sodium acetate. 

Hunig and Boes made an extensive study of the relative reactivity of 
various methylene compounds, XCHjY, toward p-nitrobenzenediazonium 
fluoroborate over a pH range from 2 to The lowest pH at which 

a compound would couple was taken as an indication of its reactivity. 
The substituents X and Y arranged in the order of their decreasing 
ability to activate were. NO^, CHO, COCH3, CN, COAHs, CONH^, 
COjCHj, SOjCjHs, SOCHj, CgHj. Only the most active compounds 
coupled m acidic solution, and the least active failed to couple even in 
alkaline solution 

In the intramolecular coupling reactions used to prepare cinnobnes or 
indazoles a strongly acidic solution is employed. This promotes the 
coupling reaction and decreases the competing decomposition of the 
diazonium salt to the phenol. Acidic solutions are used in the reactions 
of diazonium salts with hydrocarbons for similar reasons. 

The optimum reaction conditions for nitro compounds vary consider* 
ably. It has been customary to employ an aqueous solution of the 
sodium salt of the oct-nitro compound. The coupling of nitromethane, 
on the other hand, proceeds well at a pH of 4.6.“ With nitro alcohols a 
fairly high pH is required. The reaction of 2.nitro-I -butanol with 
p-ehlorobenzenediazonium chloride does not occur below pH 10 8, and 
best yields are obtained at pH 13 9.“* It has been reported that solutions 

”• Saund«ra, Tht Aromalie Duiza Cimpvundi, Edwafd Arnold 
■’* von Rolhonburg, Btr., 87, #SS JIS*') 


A Co . London, 
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of l-X'morpholinO'S-nitroproxjane betv/es:n 7 aiid 10 exjAoi^ with 
great violence durrn/j ilie rjjyj^Uwj xjtoceeey*''^ 

Reactant Ratios 

Equivalent ainounts of reaetant and diazonium salt are most commonly 
emxj] 02 refL Excess diazonium salt sliould be a%'Oided since the vioduct 
is frequently a h^'drazone vrhich can couple v.ith. another molecule of the 
salt to produce a foimazan derivati're- Tbe latter reaction is favored by 
a strongl^^ alkaline solution. 

Time of the Reaction 

Since most of the conjjling reac'tions are rapid, the jirodvet can he 
isolated soon after the diazonium salt has been added. Hovrever, the 
reactions that involve intramolecular coupling require more lime for 
comjiletion. In the prepamtion of indazoles, the diazotized o-toluidine 
derivative rna^^ be left for several da^^s to effect the ring closure.^*^^ 
Likewise, the foimation of cinnolines is often For 

certain cinnolines this cycL'zation is acceleiated Ir/ the use of a v/arm, 
strongR acidic reac'tion medium/o^'''* 

EXPERIMENTAL PROCEDURES 

The x>rej>aration of jnTuvaldehyde J-j^heirdh^rdrazone from acetoacetic 
acid and benzenediazonium chloride in 7':^S2% jvaeM is described in 
Organic EyniheeeeF' 

Hirections for the prej/aration of o-nitroindazole in y^^ds of 72r-S0% 
by the intramolecular coupling of diazoiized 2-rnethyl-4'njtroamline are 
jdven in Oraanic SyniTieeeeF^' 
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room temperature One lifer 'of water is added before the 3-elIow solid 
is collected The j-ield is 229 g. (9S%) of product that melts at about 
70°, but whose melting point varies markedly with the rate of heating. 

Ethyl Cyanoglyoxalate m-Chlorophenylhydrazone.’^* A solution 
of 38 g (0.30 mole) of m-chloroamime in 85 ml. of concentrated hydro- 
chloric acid and 300 ml. of water is cooled to 5° with stirring. Diazotiza- 
tion 13 effected by the slow- adibtion of a solution of 23 g. (0 33 mole) of 
sodium nitrite in 50 ml. of water w hile the temperature is held below 5*. 
The solution is stirred w ith activated carbon for an additional ten minutes 
(temperature below 10°) and filtered. Tlie filtrate is added dropwis© 
during one hour to a well-stirred mixture of 33.9 g (0.30 mole) of ethyl 
cj’anoacetate in 300 ml of water at 5-10° Sodium carbonate (100 g ) is 
added m small portions to keep the mixture alkaline to litmus. The 
mixture is extracted with ether until the extracts are no longer colored. 
The combined ether extracts are dried over magnesium sulfate and 
concentrated. The residue is crj’stallized from ethanol to give 73 g. 
(OT^o) of pale-orange crystals, m p. 89-90°. 

Bj- the same procedure, diethj'l malonate is converted into diethyl 
mesoxalate m - chi orophonjd hydra zone in 78°o yield. Likewise, ethyl 
acetoacetat© is converted into ethyl a.^-dioxobutyrate a-ra-chlorophenyl- 
hydrazone in 78% yield. 

l-NItro-l-p-chlorophenylhydrazonoethane.*’**' To a cold solution 
of 8 4 g. (0 060 mole) of p-chloroani!ine in 17 ml of concentrated hydro- 
chloric acid and 2(H) ml of water is added slowly with stirring a solution 
of 4 7 g (0.068 mole) of sodium nitrite in 50 ml. of water. The tempera- 
ture 13 held at 0-5° during the addition. After ten minutes, the solution 
is diluted with 1 7 1. of cold water, and 30 g. of sodium acetate tnhydrate 
is added. Meanwhile, 6 g. (0 066 mole) of nitroethane is dissolved m an 
ice-cold solution of 2 6 g of sodium hj'droxide in 20 ml. of water. The 
nitroethane solution is added dropwise during ten minutes to a vvell- 
stirred solution of the diazonium salt The temperature of the mixture 
is held at 6-10° during the addition. After thirty minutes the orange 
solid is collected. The yield of product melting at 116-118° is 14 g. 
(100%). Recrystallization from ethanol gives orange-yellow crystals 
which decompose at 126-127° when placed in a bath preheated to 120°. 

l-(p-Nitrophenylazo)-2,3-dimethyl-l,3-butadiene.«s A warm 
solution of 13 8 g. (0.10 mole) of p-nitroanilme in 25 ml of concentrated 
hydrochloric acid and 25 ml. of water is poured onto 100 g of ice. Tlie 
mixture is stirred with a solution of 7 g (0,10 mole) of sodium nitnte in 
60 ml of water until the solid dissolves The solution is diluted with 
lOOml. of water and shaken for two hours with Bg, (D.ll mole) of 

Bamberger and Grob, 35, 67 (1902) 
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2, 3-dimethyl-l, 3-butadiene.^"®^ The solid* is collected and dried to give 
12 g. (47 %) of product. After recrystallization from acetic acid contain- 
ing some charcoal, the product melts at 177®. 

N,N'-Diphenyl-C-methylformazanA®® Aqueous benzenediazonium 
chloride is prepared by the addition of a solution of 7 g. (0.1 mole) of 
sodium nitrite in 15 ml. of water to 9.3 g. (0.1 mole) of aniline dissolved 
in 25 ml. of concentrated hydrochloric acid and 25 ml. of water. A 
warm solution of 13.4 g. (0.1 mole) of acetaldehyde phenylhydrazone (a or 
P form) in 100 ml. of ethanol is mixed with a warm solution of 30 g. of 
sodium acetate trihydrate in 150 ml. of ethanol. The mixture is cooled 
to 5® with vigorous stuxing before the diazonium salt solution is added 
dropwise. The product separates as an oil which soon solidifies. The 
solid is collected and washed with a little cold ethanol to give 21 g. (88%) 
of N,N'-diphenyl-C-methylformazan, which melts at 123°. RecrystaUiz- 
ation from ethanol raises the melting point to 125°. 

4-Hydroxy-3-methyIcinnoline.^® To a cold solution of 45.5 g. 
(0.31 mole) of o-aminopropiophenone in 1.2 1. of concentrated hydrochloric 
acid is added slowly with stirring 23 g. (0.33 mole) of sodium nitrite in 
30 ml. of water. The temperature is kept at 5-10° during the addition. 
The solution is filtered, and 4 1. of concentrated hydrochloric acid is added 
to the filtrate. The reaction mixture is warmed at 60° for four hours 
before it is evaporated to a small volume under reduced pressure. An 
excess of saturated sodium acetate solution is added to precipitate the 
product, which is collected and dried to give 40.7 g. (83%) of almost pure 
4-hydroxy-3-methylcinnolme. Recrystallization from 50% aqueous eth- 
anol gives slender, silvery needles, m.p. 241-242°. 

TABULAR SURVEY OF THE COUPLING OF DIAZONIUM SALTS 
WITH ALIPHATIC CARBON ATOMS 

The tables include those reactions recorded prior to the January, 1956, 
issue of Chemical Abstracts. Some more recent examples are also given. 
The reactants within a table are in general listed in order of increasing 
size and complexity. 

Where more than one reference is given for a single entry, the yield 
reported is taken from the first reference. Since 3delds are but infre- 
quently reported, the omission of parenthesized figures in the product 
column indicates that no yield was reported; 

AUen and Bell, Orq. Syntheats Coll. Vol. 3, 312 (1955). 
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Acetone Ipyndinium bromide — CII,COC(KCjIl4)=NNC'eH8 (84) 

Phcnaeyl cWonde — C,HjCOC(a)=I^)SnC,Il, 
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a-Naphthylamiae Phenyl «-Naphthyl 

^-Naphthylamine Phenyl ^-Naphthyl 

Benzidine Phenyl Bjphenylene 



Substituents in Product, 
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3- Methyl C, ,11,80 ,C(CN)=NNn C.U.CII,- 

4- Mctliyl ^■C„n,SO,C(CN)=NNnC,n,CII,- 

4-Ethoxy ^-C„n,S0,C(CN)=NNnC,n40C,I 

nylpKipionitnle ~ C,II,SO,C(CN)(Cn,)N=NC,IIj 


DIAZONIUM COUPLING WITH ALIPHATIC CAEBON ATOMS 77 




OKGAXIC HKACTIONS 


c^i Cl Cl Cl Cl Cl Cl Cl Cl r: rj cc ^ 2 § 

0CiC:c:c:C;CiCiC5O oCi C5W'«^ 


G a a O 
, ^oo Q q 

1 feT a to a 

tt « w « 

O Q O O O 

;tii a tq W K 

J?; 

» ^ J?; ??; 


Tf h« 

o o » 
c o ^ 

a'a'a* « 
c? o cJ^ 
H H a o 
??; 5^ 5^ W 
?5 ? 

I j) I) 


??; ^ J?; 

0 qqq 

'o a oo 

1 M ct n M 

o o o o 

' oj CO w ro 

V a"ta a" 

"o cJa Q 

■5 n n n « 

. a a a a 
9 9 9 9 

, ^ a, a, ^ 


5?: ^ 

o Q 

a a E 

oo 9 . 

u) zn o 

a a ^ 
0*0 W 
a"a9 
9 9 9 

ft a, a. 


a * 

S § >> 
a .£ x 
^2 o 

^ ZIj 

•2 w 

CO .£ 4 


•— * i— < •— < X 

^ ^ ^ ^ pC: o .5 
o a o ^ o S w 

a a a r=i ^ 

Cl CO ^ Cl -t* Cl* 


0) 



ra 

•r* 





o 

c 

«s 

"u 



a 

« 

a 

a o 
a> as 

ta t- 


"ft 

ft .-ti 

’*?> c 

cfl 

S‘ 

o a 
£ 2 

i S. 

'o 

s s 

pq a 


ft 

ft 


2-Methyl a-CiaH,SO,C(CN)=NNHC,U,Cnj-o 

l-MeUiyl <x-C,„n,SO,C(CN)=NNHC,tI,Cn,.p 
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Product (Yield, %) 
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TABLE V — Continued 

Coupling of Diazoniuji Salts with Nitriles 
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INTRODUCTION 

In an attempt to prepare the azo ester I by coupling benzenecliazonium 
chloride with ethyl 2-methylacetoacetate, Japp and Klingemann^ obtained 
a product which was soon recognized^"* as the phenylhydrazone of ethyl 
pyruvate (II). It thus appeared that the acetyl group had been dis- 

COaCjHfi 

I 

CH3COC — N==:NCeH5 

1 

CH3 
1 

C02C2H5 

I 

CH3CO2H + CHaC^N— NHCfiHs 
II 

placed; actually the coupling product I was unstable under the conditions 
of its formation, undergoing hydrolytic scission of the acetyl group and 
rearrangement of the azo structure. A year later the same authors 
discovered that, if the substituted acetoacetic ester was saponified and 
the coupling carried out on the sodium salt, the carboxylate function, 
rather than the acetyl group, was lost and the product isolated was the 
phenylhydrazone of biacetyl 


CH3COCHCO2C2H3 + CgH^Ng+Cl- 

1 

CHj 



cor 

CH3COCHCOJ- OH3COC— N=NCoH5 

I I 

CH3 L CH3 J 

CH3C0C=NNHC3H5 + HCO3- 

I 

CH3 

In later years the reaction has been extended to other systems con- 
taining activated methinyl groups. The process can be generalized as 
shown in the following equation, in which x and y are electron-withdrawing 
groups. 

^ Japp and Klingemann, Ber.^ 20, 2942 (1887). 

• Japp and Klingemann, Ber„ 20, 3284 (1887). 

* Japp and Klingemann, J5er., 20, 3398 (1887). 

‘ Japp and Klingemann, Ber„ 21, 549 (1888). 

‘ Japp and Klingemann, Ann., 247, 190 (1888); J. Chtm. Soc., 63, 519 (1888). 
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+ ,VrK,+ 

/ \ 


"x N=N— At* 

\ / 


C 




\ 

E 


yOn + X— C=N— NHAt 

I 

E 


MECHANISM 

As IS apparent from the above equations the Japp-Klingemann reaction 
is a special case of the coupling of diazonium salts with abphatic com- 
pounds (see Chapter 1), distmguished by the fact that the couplmg 
product ordinarily undergoes solvolysis as rapidly, or almost as rapidly, 
as It 13 formed. It resembles very closely the nitrosation and cleavage 
of active methinyl compounds discussed in an earlier volume of this 
series.* The first step undoubtedly occurs by the same mechanism as 
the similar coupling w ith an active methylene compound (for a discussion 
see p. 6), and is probably best represented as a direct union of the anion 
of the active methinyl compound and the diazonium cation, which are 
shown m the accompanying equation as the forms carrying full umt 
charges on the atoms that unite in the process. 


C,H,N=N© + ®:0— y — C,H,N 

I 

H 

Much of the early concern'-* about the mechanism of such couplmgs 
dealt with the question of the participation of the enolic forms of the 
active methinyl compounds and with the status of 0-azo compounds as 
possible intermediates (p. 4). Although the mechanism just shown is 
probably an accurate representation of the coupling of mono-jS-keto 
esters, there can be little doubt but that 0-azo compounds are sometimes 
first formed from di-^-keto esters and triketones, Thus tnbenzoyl- 
methane yields a coupling product that generates an azo dye upon 
treatment with /3-naphthol and undoubtedly is the derivative of the enol,“ 

• Touatcr, in Adams, OrvanwJ JteacMnt, Veil. 7, Chapter fl, John fl’ilay <fc Sona, 19SS. 

1 nimroth and Hartmann, Bef , 41, 401Z [ISOS) 

• Dunreth, Btr , 40, 2404 (1907) 

• Cunroth and Hartmann, B«r„ 40, 4480 (1S07>. 

>• Dimroth. Leiehtlin, and Friedemann, Aer, 50, 15 J4 (1S17) 


I 

E 
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When it is heated to its melting point it changes to an isomer that does 
not have this property and must be the C-azo compound. 

CgHs COC0H5 

(C8H5C0)2C=C— O— N=N— CgHs (CeHjCOa— C— N=N— CeHj 


The cleavage step is closely similar to the scission of triacylmethanes 
and of nitroso derivatives of monosubstituted active methylene com- 
pounds.'^ The cleavage is favored by increasing alkalinity of the solution ; 
for example the azo compound III can be obtained from the diazonium 
salt prepared from 2,4-dinitroaniline and ethyl cyclopentanone-2- 
carboxylate by coupling in acetic acid solution, but it is rapidly cleaved 
by aqueous base, yielding IV. In analogy ^vith the base- catalyzed 

O 

11 /CO 2 C 2 H 5 NNHCaH3(]S!02)2 

r^\ II 

I I \>^=XC3H3(N02)2 -> HO2CCH2CH2CH2CCO2C2H5 

111 IV 

cleavage of nitroso esters® the second step of the Japp-Edingemann 
reaction can be represented as shown. In the decomposition of the 


O CO2C2H3 O- CO2C2H5 

II I OH- I I 

R — 0 — C — B R — C — C — B -> 

I I I 

N HO N 

II II 

NCsHs NCeH, 

RCOjH + 


C02C2H5 

1 

CO2C2H5 

1 

1 

©C — B ^ 

1 

— c — B 

1 

II 

N 

II 

NC3H3 

N 

I 




CO2C2H5 


C — R 

II 

N 

I 

HHC3H5 


" Linstead and Wang. J, Chem. Soc., 1937, 807. 
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product obtained by coupling with a salt of a keto acid, the resonating 
anion which gives rise to the phenylhydrazone probably results from the 
loss of carbon dioxide from the carboxylate anion. 

Support for the above interpretation of the Japp-Klingemann process 
can be found in the isolation of many intermediate azo compounds, 
although not all attempts to obtain these intermediates have been suc- 
cessful,^* That the coupling with salts of ^-keto acids and malonic acids 
does not proceed by a direct displacement of the carboxyl group is 
indicated by the observation that malonate salts of the type V react 
much more slowly than their decarboxylation products VI ** Thus it 
appears likely that tiie malonate salt V undergoes decarboxylation before 
it reacts with the diazonium salt 



COjNa CO.Na 


Azo derivatives of cyclohexanone- 2 -carboxanilide are relatively stable 
and can be isolated from coupling reactions of the anilide However, 

^CONHC,Hj 


some of the monoarylhytlrazone of cyclohexanedione was formed along 
with the azoanilide, presumably as a result of hydrolysis followed by 
decarboxylation 

The phenylpyrazolone obtained from ethyl cyclohexanone-2-carboxylate 
couples with diazotized p-nitroanilme to give the unusually interesting 
azo derivative VII. Although quite unstable, VII does not undergo the 


tX-'-CC™— 


NC,U, 


p-0,NC.IIjN=N< 


P^ynl. BM..M /•«««. 14). 47, 1290 (19S0). 

•• F.vrel. Compt rervf , 189, 335 (1927) 

>• K»11» Schw«t«er. Zpllner, »nd UfttholiJ. Zl«- . 59, 1960 (1926) 
•• FmnitMJ I’hilUp8.-t .4w Chim Soc . 7U 2804 (1949) 


>N(CU,), 
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Billow and Hailer applied the Japp-Klingemann reaction to the ethyl 
esters of several diacylacetic acids.^® From ethyl propionylacetoacetate 
they isolated the phenylhydrazone corresponding to cleavage of the pro- 
pionyl group. The product from ethyl benzoylacetoacetate contained the 
benzoyl group (loss of acetyl) and that from ethyl phenacetylacetoacetate 
contained the phenacetyl group (loss of acetyl). It was concluded that 
in such cleavages the acyl group corresponding to the weaker acid is 
liberated the more readily (the corrected acidity constants, 10® of 
the acids concerned are: propionic acid, 1.33; acetic acid, 1.75; phenyl- 
acetic acid, 4r.88; benzoic acid, 6.27). In a study of the cleavage of 
unsymmetrical 1,3-diketones of the type E-COCHgCOR', Hauser, Swamer, 
and Bingler^® found a correlation of the relative yields of the acids 
RCO2H and II'C02H with the rates of saponification of the ethyl esters 
of these acids, although the relationship did not hold well with purely 
aliphatic compounds. On this basis the acetyl group would be expected, 
contrary to observation, to undergo cleavage in either ethyl benzoyl- 
acetoacetate or ethyl propionylacetoacetate (the rate constants, 10^ k, 
for the alkaline hydrolysis of the ethyl esters of the acids are:^* 
5.60; CH3CH2CO2C2H5, 35.5; CH3CO2C2H5, 69.5). 

In the cleavage of substituted oyanoacetio esters during the second 
stage of the Japp-Klingemann reaction, saponification and decarboxyla- 
tion invariably occur leading to the phenylhydrazones of a-ketonitriles. 
Apparently no instance of the scission of the nitrile group has been 
recorded. 

CN N— NHAr 

I II 

B— 0— N=N— At -> B— C— CN 

I 

CO.CjHs 

Perhaps one reason why more precise information is lacking on the 
direction of cleavage of azodiketones in the Japp-Klingemann reaction is 
that the arylhydrazones produced in the process usually are capable of 
existing in geometrically isomeric forms (e.g., X and XI). Both isomers 
often are produced, and it may be economical to subject the crude 

NNHCoH, CeH^NHN 

li II 

KCCO2C2H5 KCCOjCjHs 

X XI 

« Ingold, Structure and Mechanism in Organic Chemistry, p, 734, Cornell tJmversity 
Press, Ithaca, N. Y., 1953. 

« Hauser, Swamer, and Ri'nglcr, J. Am. Chem. Soc., 70, 4023 (1948). 

Hammett, Physical Organic Chemistry, p. 121, McGraw-Hill Book Co., New York, 1940. 


^CN 


RCH 
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material to the next reaction m a sequence, with purification at a later 
stage, rather than to isolate the piire arylhydrazone. As a result, jielcls 
of the arylhydrazones often are not reported 


SCOPE AND APPLICATION 

The first requirement for the occurrence of the Japp-Klingemann 
reaction is the presence of a hydrogen atom of sufficient activity to permit 
the coupling with the diazonium salt. Although normally two or three 
electron-withdrawing groups, such as carbonyl, carbethoxyl, cyano, etc., 
are present in the molecule, only one such group is required if other 
labilizmg influences are operative upon the hydrogen atom concerned 
For example, 9-ethoxalylfluorene reacts in the typical fashion “ A 



COCO,C,U, NNUC.U, 

particularly interesting reaction is that of 9-nitrofluorcne;** in the 
coupling with diazotized aniline the displaced nitro group appears in the 
para position of the phenylhydrazme residue of the product. 



A methinyl group m the a- position of a pj-ridinc compound also is 
reactive enough to participate in the Japp-Klingcmann process if one 
additional activating group is present. For example, 2-n-buti rylpyridmo 
has been prepared in good jield from 2-(2'-p^ridil)pentanoic acid bj the 
process shown “ A somewhat similar reaction is that of I-ethoxal>l- 
1.2,3,4-fetrahjdroacndine and the analogous cyclopcnteno den vatic o.” 


0 < 


'CIICII.CH.CII, 

I 

CO.II 


“ Kuhn Ury. B<f , «1, ZSIO 

•• Foiiiia.Onu tk>m Ool . 42. (Ill M 

•’ Dorach* und UsnlvulTeL Ann^ SS4, SS |I93S) 


NNIIC.ir.CO.II-p 

C^^cocil,rii,cii, 
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In contrast with 9-nitrotIuorene, a-nitropropionic acid retains the nitro 
group in the reaction. Decarboxylation takes place to yield the phenyl- 
hydrazone, CH3C(N02)=NNHCoH5» identical with the product obtained 
from nitroethane and benzenediazoniuin chloride."^ 

Esters of a great variety of inonosubstituted acetoacetic acids have 
been subjected to the reaction. Chlorine and bromine atoms may .serve 
as the third substituent on the methin}^ carbon. These halogen atoms 
are not removed during the reaction but appear in tlie products, which 
are phenylhydrazones of unusual structure, as shown in the equation. 


CIIjCOCnCOjCiHs 


^ 


CsUjNHN^CCOjCaHs 


Cl 


Cl 


One exception to the statement that halogen is not removed is the 
coupling of 3*bromotriacetic lactone (XII), which funushes the same 
arylhydrazone XIII as that obtained from triacetic lactone itself.^®^ 
Methylene bis(triacetic lactone) (XIV) on coupling also yields the aryl- 
hydrazone XIII. 


O 



Alkyl- substituted acetoacetic esters are more commonly encountered. 
The products from such esters are readily reduced and hydrolyzed, and 

Stcinkopf and Supan, J3cr., 43, 3239 (1910). 

« Favrel, Compt, rend,, 134, 1312 (1902). 

Favrel, Bull, eoc. chim, France, [3], 31, 160 (1904). 

30“ Wiley and Jarboo, J, Am. Chem. Soc., 78, 624 (1950). 
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this method of ejuthesis of a-amino acids has been employed extensively. 
Examples are the syntheses of alanine*'**"** and methionine.** 

cn.cocuco.c.u, cu,cco,c,ii, ^ ■ > ch,chco,h 

I II I 

CH, NNHCjH, NH, 

CH,SCU,CH,CHCO,C,U, CII,SCn,CH,CCO,C,II, ■ 

I II ‘ 

cocn, NNHC,U, 

cn,scH,CH,onco,H 

I 

Nil, 


The phenylhytlrazones from the Japp-Klingemann reaction on simply 
substituted acetoacetic esters also have been used extensively in the 
synthesis of indoles. The Fischer cyclization converts them to esters of 
substituted indolB-2-carboxylic acids. The preparation of ethyl 3- 
phenylindole-2-carboxylate is illustrative.*" 


CH,COCUCO,C,U. 

I 

CIIjC.U, 


C,IIjCII,CCO,C,H, 

II 

NNnc,H, 



Substituents in the benzene ring of the indole may be introduced 
through the use of a substituted benzenediazonium salt in the coupling. 
Diazonium salts from 2- and 4-substituted anilines can give only one 
product in a simple Fischer cyclization, but two different mdoles may be 
obtamed from a m-substituted aniline,** and consequently these have been 
employed infrequently. Examples of the products obtamed from 2- and 
4-sub8tituted anilines are shown.**'** 


, «» V . 24, 76 J (1939) to A.. 34, 1971 (l#*®)]- 

J ^ - c*- , 1240. Z5»[0. .4 . 35, 


,, J, Qm. Chtm. U^^.B , 10, ' 


8 (1940) [O. 


.. 34. 7283 


« Feofilaktov, 

Feofilaktov i 
3«06 (1941>]. 

« Bamberger, 25* 3647 (18»2) 

Feofilaktov and Zait ' ^ ' 

... .....V., “• *•“ »“■' >'’■ 

“ Manake, Perkin, and Bobinson, J . Chtm Soe , 1927, 1. 

•’ Koelacb, J. Org Chtm , 8, 295 (IMS), „ v Waltt. 72, 209 (1938) [O. A . 33. 

•• Hnghea, Liona, and Ritchie. J. Prcc. Boy Sot. N, S iv-ut. le, 
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cii.rociicUjCjH, 

(' 11 ,( 11 , 


ai.cir. 


NO, ,J 


i'co.C.H; 


CllaOOCilCO, (•,!!, 
<'’M,('II, 


cii.cn, 

^.('(d,c,n, 


( 11 , 0 ^ r.t'M, 

;•* I 


to the (ir.sl carho,, uto!n^' UH.\'ih ^ruiij) attarhcl 
reuetioii will readily cv. lize to a 

Acirionyl*^ an(i |jlifnacyP‘ 

,',t. I i. i 


<’ 11 ^ X 

\ 

c? 

I 

COjC’aU, 


ca X 


COaCjUi 


-'^stilueota. have heo.t eo. ployed in 
produL''rrrmonopLS^^ employed. TJio 

bonzoylacetoacotate reactn aa 

O NNlIC’.IIj 

c'..r.cocuco.cv,. o...i4co.c.ii, 

COCII, 

ISi«chlur, Her., 28, 1881 (180;i). 

Bixchlcr, Her., 25. 3M3 (1803). 
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Probably because they have been less readily available than acetoacetic 
esters, 1,3-diketones have not been extensively employed in the Japp- 
Itlingemann reaction. Among those which have been examined are 
a-chloro-,** a-methyl-^^ and «-ethyl.acetylaeetone.‘“ The products are 
monophenylhydrazones of 1,2-diketones, as illustrated for the methyl 
derivative The same products are available from the substituted /?-keto 


NNUCjHj 

CHjCOCCn, 

esters, provided the ester group is saponified before the coupling is 
performed (p 144). Such monophenylhydrazones have been prepared 
from several substituted acetoacetic esters. 

When the Japp-Klmgeniann reaction is applied to a cychc /5-keto ester, 
the ring is opened in the second stage of the process. The reaction of 
ethyl cyclohexanone-2-carboxylate is illustrative.**"** Cyclopentanone 


CIIjCOCHCOCU, • 


NNHC,H5 

II 

HO,CC1I,CH,CH,CH,CCO,H 


derivatives undergo similaf ring opening. The products from both series 
have been employed in the synthesis of amino acids and mdoles The 
ring opened may be that of a lactone, as in acctobutyrolactone, which 
yields the phenylhydrazone of ketobutyrolactone This product also 



CH,— CHCOCH, 

I I 

CU, CO 


\ / 


o 


CH,-— C== 

I I 

CH, CO 
\ / 


o 


=NNHC,Hj 


has found use in the synthesis of ammo acids.**'** Alternatively the ring 
opened may be that of a lactam, as in the elegant synthesis of tryptamine 


“ Dieokmaiin and Platz, Ber , 38. 2986 (1903) 

« Favrel, BuU me than Frantt. [3J, 87, 336 (1902), Compt reiui, 132, 41 (1901) 

« a,ia.457 l,m3)t.C A . 38, 3255 

« Harradenoe and Liona, J Frot. Boy Sto H. S IFolea, 72, 221 (1938) (<7. A , 33. 6838 
939)]. 

« F«ofilaktovandOn«)iehenko,J Otn P .9, 314(1939)rt7 A .84,328(1940)] 

« Snyder, Andreeo, Cannon, and Peters, J Am Chtm Sot., 64, 2082 (1942) 
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and serotonin (S^hydroxytryptamine) based on the coupling with a salt 
of oc-carboxy-a-valerolactone and a Fischer cyclization of the products.^^® 

As in the reactions of acyclic ^-keto esters, the reaction takes the 
decarboxylation course if the ester is saponified before the coupling. 
Thus a monophenylhydrazone of cyclohexane-1, 2-dione is obtained from 
ethyl cyclohexanone -2- carboxylate.^^ 

1.^^=NNHC8H5 

Such compounds may serve as sources of derivatives of co-aldehydo 
acids. When the o-nitrophenylhydrazone obtained from cyclopentanone- 
2-carboxylic acid was allowed to stand in aqueous alcoholic potassium 
hydroxide for five days it was converted to the o-nitrophenylhydrazone of 
(5-formylbutyric acid in about 35% yield. 

HOaCCHjCHaOHjOH^NNHCgH^NOa-o 

Monosubstituted cyanoacetio esters couple readily. When the products 
are hydrolyzed, decarboxylation ensues leading to hydrazones of 
a-keto nitriles. Substituted malonic esters yield phenylhydrazones of 
a-keto acids, identical to those which can be obtained from similarly 
substituted acetoacetic esters. 

The diazonium salts used in the reaction include those derived from 
aniline and its simple substitution products, polysubstituted anilines, 
benzidine and substituted benzidines, and even antipyrine. The 
diazonium salt related to the last substance has been coupled with 
3-methylpentane-2,4-dione'*® to give the hydrazone sho\vn in the equation. 

HjCeN— CO 

\ 

CNj+Cl- + CH3COCHCOCH3 + HjO -H- 

/ 1 

HjCN— C CHa 

I 

CHj 

HjCoN— CO 

\ 

CNHX=CC0CH3 + HCl + CHjCOjH 

X I 

HjCX— C CHj 

I 

CUj 

Abrumovitch and .Shapiro, diemUtry ds Industry ^ 1955, 1255. 

^lorgan and Keilly, Chtm.Soc.^ 103, 808 (1913). 
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It might be expected that diazonium salts in which electron-with- 
drawing groups are located in ortho or para positions, so that they 
accentuate the positive character of the diazonium cation, would be most 
active in the coupling. In couplings with 2-pyridylacetic acid, diazotized 
p-aminobenzoic acid gave the best results, and dLiazotized /i-nitroaniline 
and sulfamlio acid were superior, both with regard to the yield and the 
purity of the products, to diazotized aniline Although few experiments 
have been carried out with a single active methinyl compound and a 
variety of diazonium salts in the Japp-Klmgemann reaction under 
identical conditions, the yields from substituted anilines appear to run 
higher than those from anilme. It is possible that substituents such as 
the nitro and carboxyl groups may give rise to higher melting and less 
soluble products, leading to easier isolation as well as to more complete 
reaction. 

If the arylamino portion of a Japp-Klmgemann product is to be re- 
moved, as in a reduction to an z-amino acid (pp 152-153), the diazonium 
salt should be selected not only on the basis of the probable yield in the 
coupling but also with consideration of the character of the second 
product in the further reaction. For example, if a diazotized amino- 
benzoic acid were used in a coupling carried out as part of a sequence to 
an a-amino acid, the difficulty of separating this product from the 
regenerated aminobenzoic acid might outweigh any advantage gained in 
the coupling. 

In the preparation of arylhydrazones to he employed m the synthesis 
of indoles and pyrazoles the choice of the diazonium salt is dictated by 
the substituents desired in the final product. 

EXPERIMENTAL CONDITIONS 

Most of the reactions have been run in aqueous medium at about 0°. 
Occasionally ethanol has been added to increase the solubility.” In the 
couplmg of l-ethoxalyl-l,2,3,4-tetrahydroacndine (p. 151) the medium 
was pyridine diluted with the water in which the diazonium salt was 
prepared” The aqueous solutions usually are buffered wuth sodium 
acetate in reactions in which an acyl group is to be cleaved.”.*® Stronger 
bases have been used, however. In the conversion of ethyl cyclopen- 
tanone-2-carboxylate to the phenylhydrazone of ethyl hydrogen a-keto- 
adipate, Manske and Robinson** employed potassium hydroxide; for the 
preparation of the sumlar product from diazotized m-amino benzoic acid, 

« Lion, and P«c. B^^.Soc N S. WaU4. 69. ITl {I»3S)IC. 17. 291 <1932)]. 

" F.v«I and Chr*. B<At. Franc, (4], 37, 1238 (1928). 

“ Manaka and Robinaon, J. Chm Soc., 1927, 240 
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Koelsch^’ preferred to carry out the coupling in acid solution and to 
convert the azo compound so obtained to the substituted hydrazone by 
a two-minute treatment with boiling 7% aqueous sodium carbonate. 
Other couplings also have been found to occur under either acid or basic 
conditions, and even sodium ethoxide has been used as the base.^^ 

If the cleavage of the acyl group from a /5-keto ester is desired, the 
basic solution of the ester should be treated with the diazonium salt 
immediately.^^ If such basic solutions are allowed to stand at 0° for 
periods up to twenty-four hours before the treatment with the diazonium 
salt, the ester group is removed and the product obtained is a derivative 
of a 1, 2-diketone. 

The time required for the Japp-Klingemann process varies, with the 
activity of the methinyl group, from a few seconds to as much as four 
days.^^ When aqueous solutions are employed the products often 
separate, and the mixture can be stirred until no further change occurs. 
The azo compounds, sometimes encountered as intermediates (p. 147), are 
much more deeply colored (usually red) than the arylhydrazones. Ac- 
cordingly, a color change sometimes furnishes a useful guide to the course 
of the reaction. 

Most of the reactions have been run with equivalent amounts of the 
methinyl component and the diazonium salt. The use of excess diazon- 
ium salt may result in the loss of some of the product by conversion to 
the formazyl, as shown in the equation.^^*^^ This appears to be the only 


CH3COC— NNHCflHs -f OeHgNa+Cl- - 

I 

CHj 


C„H5N=NC=NNHCoH 5 + CH3CO2H + HCl 

I 

CH, 


serious side reaction in the Japp-IClingemann process, aside from the 
alternative cleavage of keto esters (above). Another disadvantage to the 
use of an excess of the diazonium salt is the formation of colored materials 
and tars as a result of its decomposition when the reaction mixture is 
allowed to warm. 

The products from the Japp-Klingemann reaction usually have been 

” Findlay and Dougherty, J, Org. Chcm„ 13, 560 (1948). 

” Feofilaktov, vT. Gen. Chem, U.3.S.R., 17, 993 (1947) [G. A., 42, 4637 (1948)]. 

** Jackson and Manskc, J. Am. Chem. Soc., 62, 5029 (1930). 

Manake, Can.J. Research^ 4, 691 (1931). 

Lions, J. Ptoc. Roy. Soc. N.S. Wales, 88, 616 (1932) fC. A., 27, 2964 (1933)]. 

Walker, J. Chern. Soc., 123, 2775 (1923). 
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recrystallized from ethanol or benzene; 80% acetic acid has been 
employed in some instances.®* 

EXPERIMENTAL PROCEDURES 

Ethyl Pyruvate o-Nitrophenylhydrazone.** To an ice-cold solution 
of 20.5 g. iO 14 mole) of ethyl 2.methyUcetoacetate m 150 ml. of ethanol 
13 added 51 ml of 50% aqueous potassium hydroxide. This mixture is 
then diluted with 300 ml of ice water, and the cold diazonium salt 
solution, prepared from 20,0 g. {0 14 mole) of o-mtroambne, CO ml. of con- 
centrated hydrochloric acid, 90 ml of water, and 10 6 g. of sodium nitrite, 
13 rapidly run in with stirring. StuTing is continued for five mmntes, at 
the end of w hich time the separated ethyl pjTuvate o-nitrophenylhydra- 
zone is collected by filtration. It melts at 106°, after recrystaUization 
from ethanol The yield is 30.0 g (83%). 

l,2~Cyclohexanedione Monophenylhydrazone.®* To an ice-cold 
solution of 36 0 g. (0.21 mole) of ethyl cyclohexanone-2-carboxylate m 
40 ml. of ethanol is added an ice-cold solution of 12.0 g. of potassium 
liydroxide in 60 ml. of water. The reaction mixture is held at 0° for 
tw'enty-four hours and then diluted with 1 1. of ice water. A benzene- 
diazomum chloride solution is prepared from 18 6 g. (0.2 mole) of anihne, 
50 ml. of concentrated hydrochloric acid m 100 ml. of water, and 13.8 g. 
of sodium nitrite. The cold diazonium solution is then added to the first 
solution with vigorous stirrmg and contmued cooling m ice, followed 
immediately by the addition of 30.0 g of sodium acetate. Carbon 
dioxide is seen to evolve, qnd the reaction is allowed to continue at 0° 
until the gas evolution ceases. The solid product which separates is 
1,2-cyclohexanedione monophenylhydrazone. It is collected by filtration 
and recry'stallized from ethanol. It melts at 185-186°. The yield is 
almost quantitative. 

TABULAR SURVEY OF THE JAPP-KLINGEMANN 
REACTION 

The followmg list of Japp-Klmgemann reactions includes many 
examples in which the products were further modified, so that yields are 
not available The list is based on a literature survey to January 1, 
1956, but because of the difficulties of locatmg scattered mstances of fie 
reaction in the literature, especially when the products are chiefly of 
interest as intermediates in further reactions, it probably does not include 

" PeofiJaktov and Vinogradova, Cfimpt nmt scad sci 
34, 1«71 (1940)] 
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all recorded applications of the Japp-Edingemann reaction. For con- 
venience the reactions in which an acyl group is cleaved are listed separ- 
ately (section A) from those accompanied by decarboxylation (section B). 
Accordingly, some compounds will be found in both sections. Section A 
is subdivided as follows : 

I. Derivatives of nitropropionic, formylpropionic, and haloaceto- 
acetic acids, 

II. Monosubstituted acetoacetic esters. 

III. Acylacetoacetic esters. 

IV. Acylcyanoacetic esters. 

V. Cyclic compounds. 

VI. 1,3-Dicarbonyi compounds. 

VII, Miscellaneous compounds. 

Section B is subdivided as follows : 

VIII. Acetoacetic acid derivatives. 

IX. Cyanoacetic acid derivatives. 

X. Malonic acid derivatives. 

XI. Miscellaneous reactions. 
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A. Reactions la Which an Acyl Group Is Cleaved 


TABLE I 

DERIVA.TIVES OF Formvlpropionic and Haloacbtoacetio Acids 
(The group lost la tbe cleayage is italic.) 


Substituent in 


Substance 


\=/ Yield, 

[Other Diazomum Ion) % 


Cn,CHCO,C,H, 

I 

Clio 

C//,COCHCO,CH, 

! 

a 

CH,COCHCO,C,H, 


CH,COCHCONHC,H, 

I 

Cl 


C£r,COCUCO,C,oH„tt 


2-CH, 

4-CH, 


S-CH, — 

i-cn,* — 

4-Br» — 

[Certain benzidine 

derivatives] — 

4-CH, 80 

3-CH,. 4-CH, — 

3-CH„ 6-CH, — 

[ct-C„U,N,+] — 

[^-C,oH,N,+] — 


Br i-CH, 


Beierences 

le 


30 

59 

30 

30 

20, 30 


30 

61 

61 

61 

61 


62 

62 

62 


Conversion 

Product 


Note: Relerencea 60-118 are on pp. 177-178. 

• These reagents have also been coupled with ethyl a-bromoacetoacetate. 


t The (— )-menthyl ester, 
j Certain reactions ot the ethyl ester are 
acetoacetate. 


entered under ethyl a*chloro- 
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TABLE II 

Monosubstituted Aceto acetic Esters in the Reaction: 

R 

CH3COCHCO2C2H5 + ArN2+X- [CH3COCCO2C2H5] 

1 I 

R N=X^Vr 


Substituent R in 
CH3COCHCO2C2H5 


Substituent in 


NNHAr 


CH3CO2H + RCCO2C2H5 


R 


CH, 




Y_yX2.or 
[Other Diazonium Ion] 

Yield, 

% 

References 

Conversion 

Product 

— 

sa 

5, 31-34 

Amino acid 

2-CH3 



1, 5 

— 

I-CH3 



1, 5 

— 

2-NO2 

83 

38 

Indole 

3-NO2 

— 

12 

— 


84 

63 

— 

4-NO2 

78 

03 

— 

4-Br 

— 

39 

Indole 

4-OCH3 

— 

39 

Indole 

2-OC2H3 

— 

39 

Indole 

4-OC2H3 

— 

39 

Indole 

4-CO2C2H3 

— 

39 

Indole 

3-OCH3, 4-OCH3 

73 

49 

Indole 


— 

39 

Indole 

[^-Ci„H 2N2+] 

— 

39 

Indole 

— 

— 

1, 5 

— 

2-N02 

90 

38 

Indole 

3-N02 



12 



4-Br 



39 



4-OCH3 



39 

Indole 

4-OC2H5 



39 

Indole 

4-CO2C2H3 

— 

39 

Indole 

3-OCH3, 4-OCH3 

70 

49 

Indole 

[a-C3„H,N2+] 



39 

Indole 


— 

39 

Indole 


73 

35, 117 

Amino acid 


76 

64 

Indole 


35 

05 

Amino acid 

LCH3 

43 

65 

Amino acid 

2-NO2 

97 

38 

Indole 


55 

68 

Amino acid 


CH3SCH2CH2 

(C2H5)2NCH2CH2 

n-CaHy 


i-C 3 H 7 

Note: References 50-118 are on pp. 177-178 
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TABLE II — Continued 



Monosobstituted Acetoacehc Esters in 

TOb Bkachon: 



It 



CH.COCIICOjCjH 

1 

+ ArNj+X- [CHjCOCCOjCjUj] 


1 

B 


N=NAp 






NNHAp 



II 

CH,CO,H + RCCO,C,ll, 


Substituent in 




Substituent U in 





CIIjCOCnCOjCjHi 

1 

O'*-*” 

Yield, 


Conversion 

B 

other Diszonium Ion] % 

References 

Product 

CH.COCU, 

— 

— 

40 

Pyrazole 


4-NO,* 

— 

67 

Pyrazoie 

C,HiO,CCU,CII, 


74 

113 

— 

2-CH, 

88 

113 

— 


3-CII, 

34 

113 

— 


2-Cl 

GO 

113 

— 


3-a 

72 

113 

— 


4-a 

81 

113 

— 


2-CO,U 

90 

113 

— 


4-bo,n 

85 

113 

— 


4-NO, 

87 

113 

— 


((x-C,oU,N,) 

47 

113 

— 


(^-c,oir,N,) 

33 

113 

— 

NCCII,CII, 

— 

08 

112, 113 

Indole 

4-NO, 

98 

123 


CtH^OtCCHiCH, 

— 

— 

08, 00 

Indole 

2-Cl 

— 

52 



3-CI 

— 

52 

— 


4-Cl 

— 

52 

— 


2-CII, 

— 

111 

Amino acid 


2-OCU, 

— 

52 

Indole 


3-OCII, 

— 

52 

Indole 


4-OCU, 

— 

52 

Indole 

C,U,OCU,CU,CU, 

— 

15 

70 

Indole 

c,n,o,ccucii,cii, 

— 

Good 

71 

Indole 

1 

NHCO.C.U, 





Xole: llefcrcnces 60-118 are on pp. 177- 

178. 



• The azo compound was isolateJ; upon 

standing u 

upon treatment with 

aqueous alLali, follow 

ed hy acidification. 

it unJerwE 

nt loss of 

the acct>l 

giuup and cycUzation 

to the p)T«zolo. 
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T^VBLE II — Continued 

Monos UBST iTUTED Acetoacetic Esteks in the Reaction: 


B 


CH3COCHCO2C2H5 ^VrNz+X- 
R 


[CH3COCCOJC2H5] 


N=NAr 


NNHAr 


CH3CO2H RCCO2C2H5 


Substituent R in 
CH3COCHCO2C2H5 


Substituent in 


R 




(CU3)2CnCH, 

CUjCHjCIKCHa) 

CHjCOCIRCOjCjII. 




) ~ 











Yield, 




Conversion 

[Other Diazonium Ion] 

% 

References 

Product 

— 

65 


72 


Amino acid 

2-NOj 

— 


38 


Indole 

4-Br 

— 


39 


Indole 

4 -OCH 3 

— 


39 


Indole 

2 -OC 2 H 5 

— 


39 


Indole 

4 -OC 2 H 3 

— 


39 


Indole 

I-CO 2 C 2 H 5 

— 


39 


Indole 

[ct-CjoH7N2'^] 

— 


39 


Indole 

— - 

72 

31, 

32, 

73 

^Vmino acid 

— 

63 

31, 

32. 

73 

^Vmino acid 

— 

Quant, 

74, 

75, 

76 

Pyrazolo 

I-CH 3 

Quant. 


77 


Pyrazole 

I-CHjCONHt 

— 


78 


Pyrazole 

•l-(p-H 2 NC,Hjt 

— 


78 


PjTazoIe 

l-(p-CU3CONHCeHj)t 

— 


78 


Pyrazole 


— 


77 


Pyrazole 

— 

68 

31, 

32, 

79 

Amino acid 

— 

Quant. 


SO 


Azoformal- 






doximc 

2 -NO 2 

00 


38 


Indole 

l-Rr 

— 


39 


Indole 

l-OCTIj 

— 


39 


Indole 

2.003113 

— 


39 


Indole 

l-OCjIIi 

— 


39 


Indole 

i’COjCjH. 

— 


39 


Indole 

2*OCllj, l-OCIIj 

70 


ID 


Indole 

[x-Cj^N^N,"^ I 

— 


39 


Indole 


— 


39 


Indole 

— 

75 


81 


Amino .'icid 
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TABLE II — Continued 

Monos UBST iTUTED Aceto acetic Esters in tjie Reaction: 

B 


CHjCOCHCOjC.Hs + ArN,+X- tCU,COCCO,C,H»] 

I I 

B N=NAr 


B 

Substituent B m 

Substituent in 

7=^ 

N=NAr 

NNIL\r 

II 

CH,CO,U + RCCO.C.H, 

CH,COCnCO,C,H5 

1 

O"-*" 

Yield, 

Conversion 

R 

[Other Diazonium Ion] 

% References 

Product 

oo 


70 82 

Indole 

Bp 

CD”- 

- 

50 82 

Indole 

C,HjCOCH, 


— 41 

Pjrpazola 

2-CII, 

— 40 

P^TAzole 


4-CH, 

— 40 

pjrazole 

C,H4C0CH(C,H,) 

- 

— 40 

Pyrazolo 

Note: References 59-118 are on pp. 177-178. 
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TABLE III 

Acylacetoacetic Esters in the Reaction: 

RCOOHCO2C2H5 + ArN2+X--> 

COCH3 

COaCjHs NNHAr 


R in 

RCOCHCOjCjI-Is 


COCH, 


CH, 


[RCOON=NAr] 
COCH, 


n ,0 



-> RCOCCOaCjHs + OH 3 CO 2 H (a) 
NNHAr 

II 

CH3COCCO2O2H5 + RCOjH (6) 


Substituent in 



V_/ ^ or 

[Other Diazonium Ion] 


Yield, Refer- Conversion 


% 


CjHjOt 

2 -CO 2 H 

CjHjOCOt 

— 

CoHjt 

2 -CH 3 

-I-NO 2 

2 -co2n 

S-OjNCeHit 



•l-OjNCoH^t 



CjHsCH^COt 

2 -C 02 H 




N2+] — 


ences Product 

18 — 

18 — 

18 *— 

83 — 

18 — 

18 — 

18 

18 — 


18 

18 

18 

18 


Note: References 50-118 are on pp. 177—178, 
• Reaction course 6 . 
t Reaction course a. 
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TABLE IV 

Actlcyaxo ACETIC Esters IN THE Beaction: 

COjCjHj 


RCOCHCOjCjUj + ArN,+X- -► [HCOC— N=N— Ar] 


I 

CN 

1 

CN 


CO.C.Hs 



1 

BCOjH + C=NKHC,ir, 




CN 


Substituent in 





Yield, 

Ileler- Conversion 

B in Ester 

[Other Diazamum Ion] 

% 

ences Product 

CH, 

— 

— 

20, 21 — 



- 

20 — 

CHjCU, 

— 

— 

20,21 — 

<CII,),CH 

— 


20,21 — 



- 

20 — 

(CH,),CnCH, 

— 

— 

20, 21 — 

c.ns 

— 


20, 21 — 



168 


ORGANIC REACTIONS 


TABLE V 

Cyclic Compounds in Ring-Opening Reactions'^ 


Substituent in 


Cyclic Compoundt 


0 N 2 + or 

Yield, 

[Other Diazonium Ion] % 


Conversion 

References Product 



GoodJ 84 


0 

Jl..- 

— 

06 

11 , 51, 63, 
85. 114 

Indole 

^ .♦^C02C2H6 

1 1 

2 -NO 2 

— 

11 

Indole 


i-NOa 

— 

11, 14 

Indole 


3 -CO 2 H 

70 

37 

Indole 


4-1 

65 

14 

Indole 


4 -OCH 3 

71 

86 

Indole 


3-1, 4-1, 5-1 

05 

14 

— 


3-1, 4 -OCH 3 , 5-1 

88 

14 

— 


[a-CioH^N^+j 

94 

53 

Indole 

0 

1 1 






87 

— 


CJ 



88 


Note: References 59-118 are on pp. 177-178. 

* See p. 165. 

t The bond broken in the ring opening is indicated by the dotted line. 


CH3 CH3 

I I 

t The reported product i» Oj>;C,U 4 N’=N — C — CO — CHCOjCjHs. 


co,n 
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TABLE V>— Continued 

Cvcuc Compounds in Rino-Openino Reactions* 
Substituent m 


\=/ yieJiJ, Coareesion 

CJyclic Compound t (Other Diazomum loo] % References Product 



— § 

2- NO, 

4-NO, 

3- OCH,, 4-OCH, 


44 Amino acid 


07 115, 118 Indole 

87 II. 54 — 

— 38 Indole 

— IJ — 

00 49 Indole 


89 80, iia 


If ole: References 59-118 are on pp. 177-178. 

• See p. 155, 

t The bond broken in the ring opemng is indicated by the dotted line. 
S Methyl cycIohexanone-Z-carboxylate iras also coupled. 
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T.U3LE VI 


1,3-DICMIBONYL COitPOUNDS 
(Tlie group that Li lost is italic.) 


Carbonyl Compound 
C/ZaCOCHCOCHa 

Cl 

OH3COCHCOCO2C2/I5 

Cl 

CHaCOCl-IC'OCZ/a 

1 

OHa 


Substituent in 



[Other Diazonium lonj 


2 -CH 3 

'l-CHa 

•I-NO 2 



Con- 

Yield, Refer- version 

% ences Product 

— 42 — 

00 00 


91 


43 

43 

43 

13 


43 



CH 3 CH 3 


H 5 C 0 N— CO 


\ 

CN 2 + — 48 


CH 3 COCHCOCH 3 

1 

H 3 CN— 

/ 

— c 

1 

CHa 

43 


1 

2 -OH 3 

— 

43 

— 

CH 2 CH 3 

4 .CH 3 

— 

43 

— 


4 -N 02 

— 

13 

— 


4-Cl 

— 

13 

— 


4-Br 


13 

— 



1 

r“> 

+ 

N 

0 

1 

43 

— 


Note: References 59-118 are on pp. 177-178. 
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TADLE VI — Continued 
1,3-DlCAIlBOJfYI, CoiiroUNDS 
(The group that la loat ia itahe.) 
Subatituent m 


Carboayl Compound 
Cn.COCIICOCH, 

I 

CH,CII,CO,C,U, 


CjII^COCUC/iO 

I' 

C.H. 



[Other Diazonium Ion] 

2- CH, 

3- cn, 
l-CHi 

4- NO, 

4-Br 
4-NO, 


Con- 

^ iftid, Refer- \ ersioa 

% cncea Product 

Bo 113 — 

(as acid) 

72 113 — 

(as acid) 

85 113 — 

(as acid) 

81 113 — 

(as acid) 

8S 113 — 

(as acid) 

— 92, 93 — 

— 8 — 




94 


19 


19 


19 


Note; References 59-118 are on pp. 177-178. 
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Starting Material 


TABLE VII 

Miscellaneous CoiiPouNDS 
Substituent in 



COCO2C2H6 



-jCOCH, 


I |COC 

koJ=o 

I |COC 


iCOCH, 


CICH 


O' 

CH,— CO 


o 

^co 


■CHCH, 



4-OCH3* 

4-Br* 


— t 


—t 

4-N02t 


Yield, Conversion 

% References Product 

— 27 — 

— 27 — 

— 27 — 


26 


83 


95 

25 


90-96 45, 46, 47 Amino acid 

96, 97 Amino acid 


98 


Note: References 59-118 are on pp. 177-178. 

• The reaction was run in pyridine solution, 
attacked eliimnated from the 9 position of fluorene apparently 

was isolated ^ si^ice thep-ni7ro-phenylhydrazone of fiuorenone 

t The ethoxalyl group was eliminated. 
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B. Reactions Accompanied by Decarboxylation 


TABLE vnr 

Acetoacktio Acid Derivatives 

R m 

KCHCOjH 

[ 

COCH, 

CHj 
CiHj 

e;o,cch,ch, 

C,H,CH, 


C.HiCOCH, 


S6 30 Indole 

85 36 Indole 

— 30 — 


Note: References 69-118 are on PP' 177—178. 



Substituent in 

O N,-*’ Yield, Conversion 

% References Product 
Quant. 4, 6, 33 — 

— — 4, 5 — 

— 80 S9 — 

— 88 30 Indole 

3-NO, 80 36 — 

2-OCH,, 5-OCH, 80 30 — 

3-OCH,, 4-OCH, Quant 49 — 

— 40 Pytazole 
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TABLE IX 

Cyaxoacetic Acid Derivatives 


li in Substituent in 


RCHCOali 

1 

/~\nj+ 

Yield, 


Conversion 

C=N 

\=/ 

% 

References 

Product 

CH3 

— 

— 

100, 101 

— 


2.CII3 

25 

100, 101 

— 


LOHa 

28 

100, 101 

— 


— 

31 

100, 101 

— 


2.OH3 

25 

100, 101 

— 


4-CH3 

15 

100, 101, 102 

— 


4-Cl 

Quant. 

102 

— 

C0H5 

— 

— 

102 

— 

CeHjCHg 

— 

30 

58, 103 

Amino acid 


— 

Quant. 

102 

— 


4.CH3 

25 

102 

— 


4-NO2 

— 

102 

— 


Note: References 50-118 are on pp. 177—178. 


TABLE X 

Malonic Acid Derivatives 


Substituent in 




Conversion 


R in RCH(C02H)2 

\=/ 

0/ 

/o 

References 

Product 

Cl 

— 



59 

— 


2-CO2CH3 

— . 

59 

— 

CH3 

— 

— 

104, 105 

— 


4-CII3 

— 

104, 105 

— 


— 

— 

104, 103 

— 


2-CH3 

— 

104, 105 

— 

HO2CCH2CH2 

— 

49 

113 

— 

C0H5CH2 

— 

— 

58, 103 

Amino acid 


— 

— 

80 

Azoformaldoxime 


Note: References 50-118 are on pp. 177-178. 
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TABLE XI 

Miscellaneous Be actions 
S ubstituent in 

O'- 

[Other Diazomum Yield, Conversion 

Starting Material Ion] % Beferences Product 

CH,CHCO-H 

I _ 28 — 

NO, 


I 

CH,— 


Quant. 11,56,106 Indole 


-CHCONHCjU, 


CII, 

I 

CII, 


Quant. 

4 CII, Quant. 

4-NO, — 

[« C,on,N.+] — 

[^-C,„II,N/] Qnant. 


Indole 

Indole 

Indole 

Indole 


|h,ccch,| 

CH^I ^CHOOjH 

N..^^CHCn, 


Ifoie: Beferences 60-118 
• The aro compound 

t The product 


— 107 


are on pp. 177-178. 

isolated also 

7-c,ii,NNiicocn(cn,)=NNUc.u.co,c,n,-(pi 
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T^\J3LE XI — Continued 
MiscKLr4^vNEous Reactions 
Substituent in 




CHg — CHCO2H 

I I 

CH 2 CO 


83 48 ^Vmino acid 


O 



Note: References 59-118 are on pp. 177—178, 
X The product was 2*n-butyTylpyridine, 
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INTRODUCTION 

The iVIichael condensation in its original scope^“ 2 i Js the addition of an 
addend or donor (A) containing an a-hydrogen atom in the system 
0=C — GH to a carbon- carbon double bond that forms part of a con- 
jugated system of the general formulation G=C — C=0 in an acceptor (B). 

R IV R»IRV RVI li RX RIIXRV RVi 

0=C — CH 4- C=C — C=0 0=C — C — C — C — C=0 

II III 

Rii Riv R« Riv H 

A B 

The condensation takes place under the influence of alkaline reagents, 
typically alkali metal alkoxides. 

The range of addends is very broad. Generally speaking, all structures 
0— C — CH in which the hydrogen is active by the Zeremtinoff test ^vill 
serve as donors in the Michael condensation. In addition, many com- 
pounds that do not meet this test of hydrogen activity, such as aceto- 
phenone, are effective Michael reactants. 

Typical acceptors are c 4 ,^-unsaturated aldehydes, ketones, and acid 
derivatives. 

By extension of the original scope, the Michael condensation has come 
to be understood to include addends and acceptors activated by groups 
other than carbonyl and carbalkoxyl. The wider scope is encompassed 


^ Michael, J. prakt. Chem., [2], 35, 349 (1887). 

* Michael, Am. Chem. J.f 9, 115 (1887). 

* ]ilichael, J. prakt. Chem., [2], 49, 20 (1894). 

‘ Michael, Ber., 27, 2126 (1894). 

6 Michael, Ber., 33, 3731 (1900). 

* Michael and Schulthcsrf, J. prakt. Chem., [2], 45, 55 (1892). 

^ von AuwcrH, Ber., 24, 307 (1891). 

* von Auwers, Koebner, and v. Meyenburg, Ber., 24, 2887 (1891). 

* von Auwcr«, Ber., 26, 364 (1893). 

von Auwera and Jacob, Ber., 27, 1115 (1894). 
von AuwcrH, Ber., 28, 1130 (1895). 

“ Knoevcnagel, Ann., 281, 25 (1894), especially p. 33. 

Knoevcnagel, Ann., 281, 25 (1894), especially p. 53. 

Knoevcnagel, Ann., 289, 131 (1896), especially p. 170. 

Knoevcnagel, Ann., 297, 185 (1897). 

Merling, Ber., 38. 979 (1905). 

Knoevcnagel and Schwartz, Ber., 39, 3441 (1900). 

Knoevcnagel and Mottek, Ber., 37, 4404 (1904). 

Knoevcnagel and Speyer, Ber., 35, 395 (1902). 

Connor and McClellan, J. Org. Cl^m., 3, 570 (1938). 

H. Hcnccka, CAcr/jjc </er Beta- Dicarbonyl- Verbindungen, BerIin*Goettingen-iIeidelberg, 


1950. 
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by this survey, which therefore includes as donors nitnles, nitro com- 
pounds, sulfones, and certain hydrocarbons such as cyclopentadiene, 
indene, and fluorene that contain sufficiently reactive hydrogen atoms. 
It also includes as acceptor molecules a vinylsulfonmm compound^ and 
certain hydrocarbons of permanent polar character (finite dipole moment) 
such as fulvenes Another hydrocarbon acceptor is the conjugated tetra- 
acetylenic compound w hich adds diethyl sodiomaJonate as shown 

CH,c=c— c=c— c=c~c=ccH, -|- cnj(COjC4njh 

CHjC^C— C=C— C=C— CH=C(CH,)CII(CO,C,Uj)i 

The relatively few llichael condensations in which acetylenic aldehydes, 
ketones, and esters serve as acceptors are also considered 

The interesting examples of activation of an ethylenic double bond by 
a neighboring sulfonium group provided by the observation^ that 
vinyldimethylsulfonium bromide adds methyl acetoacetate and diethyl 
malonate in the presence of aqueous sodium hydroxide, according to the 
following equation, 

(CHjhi— CH=CHj + CU,COCH,CO,C,Hs -► 

(CHa)sSCHjCH,CH(COCII,)COiC,H, 

© 

are good illustrations of the mechanism of the Michael reaction, as set 
out m the following section. 

Unsaturated cyclic quaternary ammonium salts can also act as acceptors 
in the presence of bases. A recent example is furnished by the 2,7,10- 
tnmethylacndinium halides which react with diethjl malonate in the 
presence of sodium ethoxide as shown in the accompanying equalion.*“ 



{l»50). 
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MECHANISMS OF THE PROCESSES INVOLVED IN THE 
MICHAEL REACTION 

The Normal Reaction 

From the nature of the alkaline reagents that cause the Michael con- 
densation to occur, it is logical to suppose that they act by removing the 
a-hydrogen atom from the donor as a proton. The residual anion is 

R R R R R R 

II I I e I I 

0=C — CH + C2H5O© C2H5OH + o=c — CS<-> o — c=c 

I I I 

EH EH EH 

A 

presumably to be viewed as a hybrid of the enolate ion form and the 
carbanion form, as depicted here, though the subsequent condensation is 
most readily visualized as involving the carbanion. 

The condensation proper occurs when a new bond is formed between 
the electron-rich carbon of this ion and the most electron-poor carbon of 
the conjugated system in the acceptor, namely, the /5- carbon atom. 
Where the acceptor has (as shown) carbonyl activation of the a,/5 double 
bond, the carbanion product C is a resonance hybrid. It is noteworthy 
that ability of acceptors to serve in the Michael condensation is enhanced 
by polarizing substituents (R^^, R^) that stabilize the ions C. 


R Ri Riii Rv Rvi 

I 1 I I I 

0=C — C® -f“ C — c — c=o — 

I I 

EH 

E El Ehirv e,ti 

I I I I I 

c— c=o ^ 

I I ® 

EH c 



The proton that converts the ionized product (C) into the keto form 
isolated (D) may come from another donor molecule. This interpretation 
accounts for the fact that much less than the equivalent amount of basic 
reagent often suffices to bring about the condensation. Where a full 
equivalent of base is employed, the proton is supplied by neutralization 
of the reaction system. 
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Tho over-all reaction has, then, t,he effect of J,4 addition of the donor 
(in fragments 0=C — 0 — and — H) to the conjugated system of the 
acceptor. 


H Il« Ki“RV RM 

R« RiT 


R R* 

- 0=c— CU + 


R R1 RU'R’' R’^ 

I I 1 I I 

o=c— c— c— c— ^;==o 


R B' 

JJo 


The foregoing description obviously does not apply to those condensa- 
tions, included as Michael reactions in the larger sense, in which the 
acceptor is an unsaturated hydrocarbon of permanent polar character. 
Here the product C must be formulated exclusively as a carbanion, and 
the over-alt reaction has the appearance of 1,2 addition of tho donor 
III! {as R — and — H) to the polarized double bond. 


The Nature of the Anion of the Adduct 
Where R“ is hydrogen, the carbanion C may undergo a proton sliift. 
It must be supposed that the anion readily assumes tho form C' if this 


U Ri RmRv itTi 

I I I I 


R Ri B'' 


is more stable than C, as may be the case if the substituent II* makes the 
proton of the group R*CH more highly acidic than that of R'CH 

Although on direct isolation the same product is obtained from C and 
from C', tho reactions earned out on the anion may disclose when the 
change has taken place, os in the following example.” The Michael 
product from cth^l cj anoacetate and ethji methaerjiate (with a full 
equivalent of base) ran be methylated in alcoholic solution with methyl 
uHlide. Upon hydrolysis and decarboxylation, *,x'-dtmethylglutaric 
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acid (IV) is obtained. This must be derived from III, and the anion is 
then better represented as II than I, which would be the primary result 
of the addition outlined in the foregoing. 


•©CH(CN)C02C2H5 -h CH2=C(CH3)C02C2H5 -> CH(CN)C02C2H5 

I ® ^ 

CH2C(CH3)C02C2H5 

I 

C(CN)C02C2H5 ^ CH3C(CN)C02C2H5 Hydrolysis 

I — ^ I Ico"^ 

CH2CH(CH3)C02C2H5 CH2CH(CH3)C02G2H5 * 

II III 

CH3CHC02H 

CH2CH(CH3)C02H 

IV 

Many similar observations of this rearrangement, which is not in itself 
part of the Michael reaction, have been made in the course of efforts to 
establish Michael mechanisms. 2^ 

Erom one particular example, it appears that the rearrangement may 
be impeded in non-hydroxylic solvents. Ethyl phenylpropiolate (V) 
with diethyl sodiomalonate in inert solvents gives a yellow sodium salt 
and in ethanol solution a colorless isomer*. The formulas VI (before 
rearrangement) and VII (after rearrangement), respectively, have been 
assigned to these salts. Diethyl Bodiomethylmalona^te in benzene also 
gives a yellow compound VIII with ethyl phenylpropiolate, but no 
colorless isomer ; this is attributed to the lack of an a-hydrogen atom in 
VIII that would permit shift to the form analogous to VII. It should 


CeHsCsCCOaCaHs 

V 


C6H5C=C=C(OC2H5)ONa 

I 

CH(C 02 C 2 H 5)2 

VI 


CeHsC^CHCOaCgHs 

CoH502CC==C(OC2H5)ONa 

VH 


C 6 H 5 C=C=C(OC 2 Hs)ONa 

I 

CH 3 C(C 02 C 2 H 5)2 

VIII 


be noted that the structures indicated for VI and VIH do not fully 
explain their yellow color, 

** Ingold and Powell, J. Ciiem. 5oc., 119, 1976 (1D21). 

Oidvani and Kon, J. Chem. Soc., 1932, 2443. 

>• Gidvani. Kon. and Wright. J, Chem, Soc., 1932, 1027. 
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A Competitive Side Reaction 

Compounds of the t^-pe formulated abov e as acceptors lend to undergo 
addition reactions with anions in general, eg, \i-ith alkoxido anions, 
which are frequently used as catalysts in the Michael reaction. In such 
cases, the catalyst competes with the donor for the acceptor molecule. 


It 11' 

I I 
o=c — 

I 


II 1{» uvi 

I I 


H 11' 11"' 

o=c_cJ;J-=c-oe 

R" 


Although this possibility should always be borne in mind, it seems that 
only acceptors in which R'” = = H (acrylates, acrylonitrile) add 

alkoxide anions avidly enough to interfere with the Micliael reaction. It 
is preferable with tliesa acceptors to carry out the condensation without 
solvent or in non-hydroxylic media.*' 


The Reverse or Retrograde Reaction 
The Michael reaction is a reversible process adducts D can be split 
into precursors A and B by the same catalysts that effect the condensa- 
tion ** A tendency tow ard such retrogression can be combatted to a 
degree by using an excess of one of the reactants , this appears to be a 
case of mass action affecting an equilibrium Although few quantitative 
data are available on the position of the equilibrium, it appears that low 
temperature favors condensation and elevated temperature retrogression ** 
Furthermore, retrogression is more likely to occur when the condensation 
is slow; one of the factors causing slow condensation is the presence of 
a largo number of substituents {R‘”, R^'', P.'^) at the double bond of 
the acceptor molecule (see p. 247). These two effects are exemplified in 

•> Koelsch. J. Am CAem Sat , 65. 437 (1943). 

«• Grob and Baumann, IJtIv. CAtm. Aela, 38, S94 (1956) 

I* Domow and Boberg, Ann,, 678, 101 (1952) 
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the following table in which the yields of condensation product obtained 
possibly represent the equilibria attained. 


Reaction between Diethyl Yield of Adduct at 


Malonate and 

100° 

25° 

Ethyl crotonate 

05 

p 

Ethyl cinnamate 

35 

p 

Ethyl /5-dimethylacrylate 

30 

70 

Ethyl a,^,^-trimethylacrylate 

Trace ? 

p 


Whenever at least one of the substituents and R^^ in the donor is 
hydrogen, the general formulation of the condensation product acquires 

R Ri RiiiRV Rvi K W Ri« R^ R^i 

I I I I I III II 

0=c— C— C— C— C=0 0=c— C=C + HaC— C==0 

III I 

H R" H Riv 

the symmetry of a 1,5-diketopentane Avith hydrogen atoms in the 2 and 
4 positions. With such a structure, retrogression can occur to give 
fragments different from the starting materials. In this process, the 
bond broken is the one that was originally a,^ in the acceptor; the 
remainder of this end of the molecule is then isolated as a fragment 
having 0=C — CH (“donor”) structure. At the same time, the original 
donor reappears Avith C^C — C=0 (“acceptor”) structure. The combin- 
ation of condensation and retrogression in such cases has the net effect of 
transferring an alkylidene substituent from the a- carbon of the original 
acceptor to the a-carbon of the original donor. Thus, the Michael 
condensation betAveen phenylacetone and a-nitrostilbene gives, inter alia, 
3,4-diphenyl-3-buten-2-one (IX), and the condensation of isopropyl 

P-CH30C6H4CH=CHC0CH(CH3)2 + CH2(C02C2H5)2 ^ 


P-CH30C6H4CH- 


CH2C0CH(CH3)2 


CH(C02C2H5)2 


CH3C0CH(CH3)2 


+ 


p-ch30C6H4Ch=c(C02C2H5)2 > p— ch 30C6H4 CH=chco 2H 

p-methoxybenzylidenemethyl ketone with diethyl malonate, Avhen carried 
out in ethanol as solvent, gives p-methoxycinnamic acid.^® (See equations 
at top of p, 189.) 

Cleavage formally identical with this can occur in molecules of suitable 
structure, even though they Avere not formed by a jMichael reaction. The 

»» VorluetRlur iiiul Knootz.>»ch, 294, 317 (1897), especially p. 334. 
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CjHjCHjCOCHj + C6H5 CH=C(NOj)C6Hs— ‘C6H5CHCH(CsHs)--CH(N02>C6H5 
COCH3 I 

C«H5C = CHC6H, + CHj(N02)CeH5 
OOCH3 


follouiiif' examples from the chemistry of natural products illustrate 
cleavages that ma\ be designated retrograde Michael icactions in a 
formal sense. 

I Dimetlu I earyopht llenate {X) is coni erted by successive treatments 
mth sodium amulc in xilenc at 130° and nith dilute hydrochloric acid 
into 4.4-diiiicthjl-2-cjclohexenoiie (XI) 





rOjCir, 



2 Dimethyl a-taiiacetonedicai boxy late (XII) is analogously concerted 
into tanacetophorone (XIII). 


Nc, 


NciljCO.cii, 

(cn,),cn 


c=cnro,cii, 

I 

(Cir.hcu 


CO,CII, 



(CH,)jCir (CH,),CII 


XIIL 

Erehenmoser andiuMSl, Expenmtia, 7, 290 (1951) 

•• WalUeh, Ann . 388, 49 (1912). 
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3. The conversion of santoric acid (XIV) into santoronic acid (heptane- 
2, 3, 6-tricarboxylic acid, XV) has been formulated as folio ws.^^ 


CH. COJ-I 



CH 

/ 

H,C CII=CHC02H 


/CO2H 


-CH3CO2U 


XIV 

CH3 CO2H 

\/ 

CH 

/ 

n2C CO2H 


HgC c 


\cH(CH3)C02H 


CH3 CO2H 

\/ 

CH 


-CO, 


HX C 


X’H(CH3)C02H 


H 2 C CH 

\cH(CH3)C02H 

XV 


4. The phenyl ketone XVII, obtained from 4-cholesten-3-one (XVI)i Is 
converted (in its intramolecular aldol form) by heating with alkali at 
200-240° to XVIII and vinyl phenyl ketone, which decomposes further 
into formaldehyde and acetophenone.^ 



I ' 

CfiHs 


xvu xvm 

5. Pyrolysis of the keto aldehyde XIX gives XX and 2-dodecenal.2^'^® 
0. Similarly, XXI is converted to 2-rnethylcycIohexanone and XXTI»^^ 

>» WocHlwani, Urut^chy, and Jiacr, J . Axn. Soc., 70, 4216 (1948). 

Julia, KH/ henrno,cr, Ikun^.r, and Tarkoy. //c/p. Chun. Acta, 36, 1B85 (1953). 
Achutniiium, Z. physiol. Chem., 225, 141 (1934). 

Laiicht, IJopr^;SiyUr'4 Z. physiol. Chun., 237, 236 (1935). 

** Cornforlh, Hui»U'f, and Popjak, liiochcm. J ., 54, 590 (1953). 
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The “Abnormar' Michael Cojidensation 
When the Michael condensation product from ethyl /f, /8-dimethyl- 
acrylate and ethyl a-cyanopropionate is methylated {nith sodium ethoxide 
and methyl iodide), the product upon hydrolysis and partial decarboxyl- 
ation is at.a’.^.^-tetraraethylglutanc acid (XXVI) This carbon 
skeleton shons that the methylation product before hydrolysis is XXV. 
In turn, XXV probably can only arise by methylation of XXIV, ■vihere 
the hydrogen atom replaced is doubly activated (enolizable), because it is 
generally assumed that {smgly activated) «-hydrogen atoms like those m 
XXIII (the alternative possible precursor of XXV) cannot be methylated 

•• HJl. J Chtm Sac , 1928, 2S6. 

•• Leonard, Sunon, and Felley, J. Am Chtm.Soc , 73, 8o7 {IB51) 

*• Vorlaender. Bar. 33, 3185 (1800). 

U Vorlaender and Koethner, Ann , SIS, 158 (1808) 

« Meerwein. Oer , 53, 1828 (1820) 

« Smith and Engelhardt, J Anur Chtm Soc , 71, 2676 (1849) 

M Comelaon and Koalaneeki, Btr , 39, 240 (1886) 

“ Koateoecki and Roasbaeh, Ber , 89. 1468 (1896). 

•• Meerwein. J pmU. Chem , [2]. 97, 225 (1918) 

•’ Arigoni, Viterbo, Iluennenberger, Jeger, and Buricka, lltlv Ch%m Acta, 37, 2306 
(1854). 
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by sodium ethoxide plus methyl iodide.* (Hydrolysis of the primary 
adduct gives a,/3,^-trimethylglutaric acid,^^ which does not permit 
differentiation between XXIII and XXIV.) The initial condensation 
product must therefore be not the expected (‘^normal’’) XXIII but the 
ester XXIV, which is formally the result of adding the donor molecule 
as the fragments CH3 — and — CH(CN)C02C2H5. This is called the 
“abnormal’ Michael reaction; in this and similar cases studied by 

(CH3)2C==CHC02C2H5 (CH3)2CCH2C02C2H5 

I 

+ ^ CH3C(CN)C02C2H5 

XXIII 

CH3CH(CN)C02C2H5 

I 

(CH3)2CCH(CH3)C02C2H3 (CH 3 ).>CCH(CH 3 )C 02 C 2 H 5 

I I 

CH(CN)C02C2H5 CH3C(CN)C02C2H5 

XXIV XXV 

I 

(CH 3 ) 2 CCH(CH 3 )C 02 H 

I 

CH3CHC02H 

XXVI 

Thorpe and co-workers, the products formed were attributed to literal 
addition of a methyl group as one portion of the donor. “Abnormal” 
addition of diethyl methylmalonate involves the apparent adding of the 
fragments C2H5OCO — and — CH(CH3)C02C2H5. 

In some systems, it is observed that the course of the reaction can be 
varied at will by the amount of condensing agent employed. Tor 
example,^® diethyl malonate and ethyl crotonate give the normal adduct, 
triethyl 2-methylpropane-l,l,3-tricarboxylate (XXVII), which, having an 
enolizable hydrogen atom, can be methylated to triethyl 3-methylbutane- 
2,2,4-tricarboxylate (XXVIII). The adduct XXVIII is also obtained 
from ethyl crotonate and diethyl me^A///malonate in the presence of one- 
sixth equivalent of sodium ethoxide. If a full equivalent of the 
condensing agent is employed, however, an isomer of XXVIII is formed; 
this must have the “abnormal” structure XXIX, for it contains an 

• There nro occaalonal ob-jcrvationa to the contrary.** 

*» Schlcnk, llillemann. and RodlofT. Ann., 487, 135 (1931). 

*• Cf. Michael and Uoi3, J, .Im. Chern. Soc., 53, 1150 (1931). 

Michael and J. Am. Chem. Soc., 52, 4598 (1930). 
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enohzaWe hydrogen atom and can be methylated by sodium ethoxide 
and methyl iodide to yield XXX ' Furthermore, the isomer XXIX can 
be obtained by the hLchael condensation of ethyl tiglate and diethyl 
malonate, though this synthesis provides valid evidence only if the 
condensation takes the “normal" course. In contrast to the behavior of 


CHjCH=CnCOjCiH5 CHjCHCHaCO.CjHs CH.CHCH,CO,C.H, 
[ i 

+ — CH(COjC,Hs), 

CH,(COjCjIl5h 


► CHjCtCOjCjH.h 
XXVIII 


-CHaCHCHCCHjjCOiCiHs - 

I 

CHtCOjCjHjlj 

XXIX 

t 

CHjCH=C(CH,)COjCsHs 


Tx»oc.n, 

1/6 mole 

- CUjCII=ClICO,C,H^ 


CUjCIKCOjCjHs)! 


CHjCnCH{CH,)COjCsa, 

I 

CHjCtCOjCjH,), 

XXX 

XXIX, %vhen XXVIII IS treated again with sodium ethoxide and sub- 
sequently methyl iodide, retrogression takes place to ethyl crotonate and 
diethyl methylmalonate, the latter being further methylated to diethyl 
dimethylmalonate 

The most widely accepted explanation for the “abnormal" reaction is 
that of Holden and Lapw orth The primary product of the Michael 
condensation always has the normal formula (eg., XXVIII from ethyl 
crotonate and diethyl methylmalonate), however, it is stable only when 
small quantities of catalyst are emplojcd. In the presence of larger 
quantities of catalyst, a Dieckmann condensation is assumed to occur 
(XXVIII-eXXXI). This cyclization may be facilitated by the presence 
of a relatively large number of substituents, w hich could cause a change 


Holden and LtpwoHh, J. Chtm Sef., J931, S36S 
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in the valence angles, as proposed by Ingold in other cases.^^»^^ The 
cyclobutanone derivative XXXI in turn is also unstable, particularly as 
a consequence of the ^-keto ester structure; accordingly, it is alcoholyzed 
to XXIX, which is the product actually obtained. 


CH3CH—CHCO2C2H5 

CH3CHCH2CO2C2H5 c,H,OH 1:1 C 2 H.OH CH3CHCH(C02C2H5)2 

I ^ CHaC-f-CO — ^ I 

CH3C(C02C2H5)2 1 • CH3CHCO2C2H5 

C02C2H5 

XXVIII XXIX 

XXXI 

A variation of the Holden-Tap worth mechanism proposed later^^ is 
based on the assumption that the intermediary product is not a cyclo- 
butanone derivative but the anion of a hemiacetal. This yields, for the 
reaction of ethyl crotonate with diethyl methylmalonate, the following 
reaction sequence. 

COoR CO.R 

I I 

CH 3 CH— CH 2 CH 3 CH— CH 

I _££+ I j 

CH 3 C C =0 CH 3 C c— o© -> 

II II 

CO 2 R OR CO 2 R OR 

CO2R 002^ 

I I 

CH 3 CH— cn CH 3 CH— CH 

I I I i . 

CHaOe C=0 —— >• CH 3 CH c=o 

II I u 

CO 2 R OR COjR OB 

It was emphasized that the C — C linkage connecting the hemiacetal 
carbon Avith the CHCOgB group is ‘‘highly polarized” (symbolized 1 ), 
but the significance of this statement is not clear. An analogous mechan- 
ism was suggested for the abnormal ^Michael reaction betAveen diethyl 
methylmalonate and ethyl tetrolate. 

A possible means of distinguishing betAveen the mechanisms of Thorpe 
and of Holden and Lapworth should be to use an Acyl group in the 
acceptor in place of the carbalkoxy group, i.e., to use an unsaturated 
ketone rather than an ester. However, an attempt to make the distinc- 
tion in this Avay Avas confounded by instability of the condensation 

“ Ingold, J. Chem. 6'oc,, 119, 305 (1921). 

“ Ingold, y. Chtrn. Soe,, 119, 951 (1921). 

Hcnccka, Fortsclir. chcm. FvrucJi.^ 1, 0S5 (1950). 
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product. Benzylideneacetophenone and diethyl methylmalonate should 
give XXXII according to Thorpe, and XXXIII according to Holden and 
Lapworth In fact, neither of the two compounds was obtained, but 
instead a mixture of retrogression products, ethyl a-methylcinnamate 
and ethyl benzoylacetate. These appear to be compatible only with 

C.UsCnCHiCH, iCOC.Hj C,HsCH=C(COsCjHs), 

I 

C,H5 CH=CHCOC,Hs CHtCOjCjUs)* + 

XXXII 

+ CHjCHjCOC,!!, 

CH,CH(CO, CjUjIi 

\ 

C,UsCHCH(COjCaU, )COC, H5 

I 

Cir.CHCOjCjHs — 


c.n^cocUiCO.Cjiij 


formula XXXIII, ag indicated m the reaction scheme, because if XXXII 
were formed it would decompose into diethyl benzyhdenemalonate and 
propiophenone.* 

Additional evidence on mechanism was sought, with only limited 
success, by investigations of the condensation of diethyl benzylmalonato 
with diethyl fumarate,^*'*’ of diethyl benzylmalonate with Imna-dibenzoyl- 
ethylene and a-chlorodibenzoylethylene,** of diethyl methylmalonate 
with ethyl cycIohcxene*l-carboiylate and ethyl a-ethylcrotonate,** and 
of diethyl ethylraalonate wuth ethyl tiglate.**’ Though no direct proof 
was obtained, this work tended to support the Holden*Lapworth view 

• An effort ly Mrohatl and Ross" to invaftdata liu» coneluiion, on the beeu tket the 
observed retrogression products could be doused from an sdduct of two inoleeule# of 
bciuybdeneacetophonone and one molecule ofdieth}! methi Imalonate (see p. 308), foundered 
on their inability to prepare such a product from diethyl mrlAyfnialcnate, in spite of 1(4 
ready preparation from diethyl zoalonatOs 

»» Michael and Roaa» J, Am, Chem Sot , 55i 16^2 
•• Duff and XngoJd, J, Ch*m, 5oe , 19U, 97* 

»» Rjaon,J. CAem S<k , 1W5, 430. 

** Gan^ier and J, Chem. Soc . 46. 

•• Gardner and Rydon, Cfiem.Soe , 19^ 48, 

•• Gardner and Rydon, Oum. Soc.^ 1W8, 43, 

Cf. Ingold and Rydon, «/'. CAen«, 19^ 837. 
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Attention has recently been called®^ to the fact that higher yields of 
“abnormaP’ Michael products are often obtained from the usual starting 
materials than by subjecting the “normaP’ product (synthesized indepen- 
dently) to Michael reaction conditions. This appears to mean that the 
‘‘normal” product is not necessarily an intermediate in the “abnormal 
reaction. Consideration of the experimental results obtained in the 
condensation of ethyl crotonate and diethyl methylmalonate led to the 
following suggested pathway of reaction:®^ The full equivalent of base 
required for the abnormal reaction permits the assumption of initial bond 
formation between the reactants by a kind of Claisen condensation 
involving an anion (XXXIV) formed from the base and the acceptor. 

e 

C 2 H 5 O© -i- CHgCH^CHCOaCoHs ±;: CH 3 OHCHCO 2 C 2 H 5 

OC2H5 

XXXIV 


XXXIV + CH3CH(C02C2H5)2 


OC 2 H 3 OC 2 H 3 

I I 

CH 3 CHCH— CCH(CH 3 )C 02 C 2 H 5 

o© 




C02C2H3 


OC 2 H 5 

CH3CHCHC0CH(CH3)C02C2H5 

I 

C02C2H5 

XXXV 


Base-catalyzed loss of ethanol from intermediate XXXV would give the 
ester XXXVI. This ester may undergo an intramolecular Michael 
reaction with formation of the cyclobutanone intermediate XXXI 
postulated b}’^ Holden and Lapworth. Alternatively, it was suggested®^ 
that the cyclic intermediate may not have significant independent 
existence, but that the ester XXXVI can change directly to the observed 
abnormal product XXXVII by concerted alcoholysis and addition (see 
equations on p. 197). 

A recent kinetic stud}'®^ of the abnormal reaction between diethyl 
fumarate and diethyl ethylmalonate showed that the donor anion and 
diethyl fumarate combine rapidly to form the anion of the normal product 

** l*. U. Shufi'r, Vli. D. TliOftU, University of Wisconsin^ 1951. 

Slmft r, Livl), uiiil Johnson,*/. .Irn. Chan. Soc., 75, 5003 (1953). 

Taurutii. Yit^vihara, ami Funikawa, J. On}. 18, 1210 (1953). 



THE MICHAEL REACTION 


107 


{distinguished ftom the abnormal product by specific gravity measure- 
ments) Isomerization of this anion to that of the abnormal product 
»a8 observed to follow as a slow step It was also observed that excess 
free diethyl ethj Imalonate suppressed the abnormal reaction even when 
sodium ethoxide equi%'alent to tlie diethyl funiarate was present This 
led to the deduction that the first -formed anion can be stabilized by the 
abstraction of hydrogen ion from free diethjl ethylmalonate in a fast 
reaction competitive with the isomerization 

XXXV ■ CH3CH=C(C02C2H5)00— CHtCHalCOzCzHj > ■ 


CHsCHCHtCOjCjHs)^ 

CHjCHCOjCaHj 

CH3 

Defiintire evidence that the “abnormal” reaction involves migration 
of a carboxyl group (in some form or other) has at last been obtained by 
isotopic tracer experiments ^V^hen ethjl crotonate containing C** in the 
carbethoxyl group was condensed with diethyl methylnialonate, the 
product was found to result from migration of the labeled carbon atom *"• 
Enrichment of carbethoxyl groups with 0** in ethj'l crotonate, cthjl 
cinnamate, and ilicthyl mcthjinialonate provided further evidence (hat 
the condensation of either of the first two with the last (using one equiva- 
lent of base as catalyst to favor “abnormal” reaction) proceeds by 
ciirbethoxjj tnigratioH.®*““ 

U'lth this ev idencc in hand, it can be firmly concluded that the Ifoldeii- 
Lapworth mechanism is basically correct, though the modifications 
suggested by' Johnson** provide the most plausible view of the detailed 
reaction course 


The Ouestioji of Para-Bridged Intermediates 
The condensation of 3-methyl-U-cyclohexenone (XXXVHI) aiuldicthyl 
malonatc presents features that have been rationalized*’-''* in a fashion 


J«, 27, 2SI (19S4KCA 


* C*rn.. Sot , 1»S5, 103» 

" S«niu«-1 •ml Gin.bur«. J C>>tm Sot . 19S5. 1J»S 

'• Cf Bakrr^nil Ro>l»»lrin, CSriPiWry X- hviuMn/, 19S5, <1 

'• F»rni«-r •nJ Kpia. J C’A*,« ,Sor . 127, SJ5S <f 923) 

'• !• .rmcr .ml ll«.. J CA.m Sot . 182«. J2i3 
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consistent with and tending to support the Holden-Lapworth cyclo- 
butanone intermediate. Carried out at room temperature and with one 
equivalent of sodium ethoxide, the reaction leads to only one identified 
product, the diethyl ester XXXIX. At the temperature of boiling 
ethanol,* this compound is accompanied by a product of ethanolysis, the 
open-chain triethyl ester XL. 



In this condensation, the ‘^abnormal” position in which the carbethoxy 
portion of the donor molecule appears is para rather than ortho on the 
alicyclic ring. By way of explanation, it has been postulated that the 
primary product would be XLI, from the normal condensation; this was 
believed to be converted by a Dieckmann reaction into the bicyclic 
diketone XLII. Ethanolysis of the diketone in the manner indicated by 
the broken line was believed to lead to XXXIX. 

This mechanism was advanced as a parallel to the Holden-Lapworth 
formulation, but with a cyclohexanone rather than a cyclobutanone 
intermediate because formation of a para bridge where possible (as in 
this instance) is more favorable than the alternative XLIII. 



O 

XUIJ 
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iloHcx-r, the ion h/w rt’i-vntly licon tnade** that a iiara-bridged 

mtrniuiliatc may not lie formed m such nustanres. Iiutcad the exi>ceted 
Jiroduct of tlip abnormal Mithael rrarticm, XLIV, may be firiit {irvduecd, 
and thw may undergo ct lianolj (rcM’riO Ihetkmann) to gi>o the ojxn- 
fhiim itic'.tcr XLV. uhtfh theH <_vr)iie« («i a kiiOMn reaction) to XXXIX. 


1 


< li, 

j Clf.tM.t'.U, 

-<<v ,n. 


XLH 


< III 

Clf, 




I 

X n. 




XXXIX 


In any case, it haa liecn hhoun that the normal adduct XLI is not the 
jirccumor of XXXIX, siiu-o the latter ii jirCKliiceil in higher yield from 
3-ineth} l•2•cyc^ohoieIlOIlo and ilicth\l malonate than from XLI It is 
siiggestctl," 08 in the coso nicntionnl aboio, that the first step n an 
ester coiidciisatKin, cither ot [losition 0 (which would involve subsequent 
luira bridging) or more probably at position li via the anion XLV’’! 



XLV I 


This explanation is based on a ]iarallcl with the mechanism for the 
reaction of 3-nicthjl-2-cycloheicnono with ethyl cyanoacetatc, which was 
outlined on the basis of detailed evidence as involving the following 
succession of intermediates' 



cir, cji, 

Cil, CCII.CX 

I I 

C,lIjO,CCII, CII,CO,C,Ui 



Stereochemistry of the Michael Condensation 
Little is known about tjie steiic course of the Micliael condensation, 
although the formation of asymmetric carbon atoms in open-chain 
products and the possibility of cis-trans isoinerism in alicyclio adducts 
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raise a number of stereochemical problems. The formation of diastero- 
meric adducts has often been noted, e.g., with the following reactants: 
benzylideneacetone and dimethyl malonate;^^ benzylideneacetophenone 
and benzyl cyanide,’^ diethyl succinate,’^ and _p-tolyl benzyl sulfone;’^ 
a-benzylidenepropiophenone and dimethyl malonate;’^*’® ethyl cinna- 
mate and diethyl methylmalonate;^®»’’ ethyl yj-isopropylacrylate and 
ethyl cyanoacetate ethyl cinnamate and ethyl cyanoacetate ethyl 
phenylacetate,®^»®2 or benzyl cyanide cinnamonitrile and m- 

aminobenzyl c^'^anide;^’ 2-nitro-2-butene and benzyl cyanide,®^ 2-nitro- 
1 -phenyl- 1-propene and diethyl malonate;®® a-nitrostilbene and diethyl 
malonate;^^ and 3-cyano-l,2,5,6-tetrahydropyridine and diethyl malon- 
ate.®^ 

In the condensation of ethylideneacetone with 7-chloro-4,6-dimeth- 
oxycoumaran-3-one, two possible isomers are formed simultaneously 
a similar result was obtained in the condensation with the chlorine-free 
analog. The reaction between 4-methylcyclohexahone and methyl 
isopropenyl ketone also leads to two stereoisomeric forms of 3,6-dimethyl' 
9-hydroxy-2-decalone.®^ 

The reaction pairs benzylideneacetophenone- benzyl cyanide’^ and 
a-benzylidenepropiophenone-dimethyl malonate’"*’^^ represent two differ- 
ent ways in Avhich asymmetric carbon atoms can be formed as a result 
of a Michael condensation. In the adduct XLVII the a- and /5-carbon 
atoms of the acceptor become asymmetric; in the adduct XLVIII the 
^-carbon atom of the acceptor and the carbon atom of the donor molecule 
that is linked to the acceptor become the centers of asymmetry. In view 
of the undoubted ability of the alkaline condensing agent to invert 
configuration around carbon atoms substituted as in — GHfCHajCOCgH- 

Qudrat-I-Khuda, J. Indian Chem. Soc,^ 8, 215 (1931) [C.A., 26, 123 (1932)]. 

Kohler and Allen, J. Am. Chcrn. Soc.y 46, 1522 (1924), 

« Stobbc, Ann., 314, 111 (1901). 

Connor, Fleming, and Clayton,./. Am. Chem. 5oc., 58, 1386 (1936). 

Kohler, Am. Chem. J., 46, 474 (1911), 

"• Kohler and Davia, J. Am. Chem. Soc., 41, 992 (1919), 

ilichael and Kobs, J. Am. Chem. Soc.^ 53, 1150 (1931). 

Howleb, Thorpe, and Udall, J. Chem. Soc.^ 77, 942 (1900). 

Carter and Lawrence, Proc. Chem. Soc.^ 16, 178 (1900). 

Avery and McGrew, J. Am. Chem. Soc., 57, 208 (1935). 

Badger, Campbell, and Cook, J. Chem. Soc., 1949, 1084. 

« Bornche, Ber., 42, 4490 (1909). 

Avery, ./. Ajh. Chem. tSoc., 50, 2512 (1928). 

Avery and McDole, ./. Am. Chem. Boc., 30, 1423 (1908). 

Buckley, Hunt, and Lowe, ./. Chem. <S'oc., 1947, 1504. 

** Boberg and Schultze, Chem. Ber., 88, 74 (1955). 

Wohl and Lobauitbch, Ber., 40, 4098 (1907). 

*• MacMillan, MulhoUand. Dawkirw, and Ward, ./. Chem. Soc., 1954, 429. 

Colongc, Dreux, and KehLstadt, Compt. rend., 238, 693 (1954). 
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mill — CH(rX)r,EIj, tlip product imitated ^nul^t be an equilibrium mixture 
of nil |>ui««.ililo forms Tlie isolation of iliastcrconieridcs from product 
Jiuxture'i H then evidence (bat (be forms mioltcd arc approximately 
equal rncrpcticallj 

( II, C'll, 

( ( 

(•,iiit'ii^<x-oi’4n, t’,H.{‘iK'iic'oe,ir, 

I 

('1I,(C 0,111,), XLlll 

t ,H,fii^tjiro(',ii, 

I 

-vlmu 

Uotli ri« ami (miw forms arise in the condensation of 1-iiitrocyclohcxene 
■with p-bromobcnr.j 1 cyanide to XLIX,“ 'nliercas only one isomer (L) is 
formed from ria-2-fij<lrind> tidcncatctoiiitrde and c^anoatetamiile ** 



One uiisaturated MicliacI adduct LI appears in cis and trans isomeric 
forms; this is the product of the reaction bet-wcen acctylacctone and 2 
moles of 1-cyanobiitadiene.*^ 


cii.co cn,cn=ciicii,cN 

\ / 


cir,co CH,cii=cncii,CN 


When only one adduct is formed, the determination of its configuration 
is usually difficult due to the lack of reference compounds of established 
configuration. However, it has been proved that the dicycUc compounds 
formed from acyl- Or carbalkoxy-cyclohexenes frequently, if not generally, 
have the trans configuration. This applies to the following cases ethyl 
cyclopentenecarboaylate witli ethyl cyanoacetate or diethyl malonate 

t» K»n<li<»h. -r Chin Soc., 1931, B23. 

M Ch«rli>>h, Davies, and Rose, J Cftera Sx 


: , 1948 . 232 
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(traits only);^^ acetylcyclohexene and ethyl acetoacetate (tram onlyj;^^ 
acetylcyclohexene and diethyl malonate (cis and tram) 2-methyl' 

1-hiutyrylcyclohexene and diethyl malonate (tram only) 2,6-dimethyh 
butyrylcyclohexene and diethyl malonate (tram only);^® vinyl cyclo- 
hexenyl ketone and diethyl malonate (tram only);^°^ 4-methoxy- and 
3,4-methylenediox3^-benzalacetophenone and 3-methyicyclohexanone (ci^ 
and Iraiis);^^^ methyl isopropenyl ketone and 3- and 4-methylcyclo- 
hexanone {cis and trans);^^^ and (-f)- dihydro carvone and l-diethylamino- 
3-pentanone methiodide (cis and tram).^^^ 

Isomers have also been formed in the self-condensation of 1-acetyl- 
l-cyclohexene'*^‘»^^ and in the condensation of l-acet^d-l- cyclohexene 
with l-tetralone/-^^ 

In the total synthesis of santonin,^^**^ use was made of the fact that the 
^Dchael condensation of diethyl methylmalonate and l,10-dimethyl-2- 
oxo-2,3,4,5,G,10-hexah3’dronaphthalene introduces the side chain so that 



CH3 CH3 


it Is cis to the methyl group at An analogous obseiv'ation has 

been made for 3,5-cholestadien-7-one. 

Cis addition is obs<^ rved in the addition of diethyl malonate, diethyl 
methylinalonaie, and ethyl acetoacetate to methyl bicvcio[2,2.1]hepta- 
2,5*fiiene-2-carboxyIate^®*^ and in the addition of diethyl malonate to 
ethyl 1 -cyclohexene- 1-carboxy late. 
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S03 



aijCCOjCjifs), 


a 

a 


A tendency for trans addition is evident in the Michael condensation of 
2-arjl-2-cyclohexcn'l-ones Here it has been shoitn with diethyl 
nialonate that a traw coin]K>iin(l is obtained, for the product could be 
related to the known trnns-2-plicn>lc>clohcx>Iacetic acid (LH) *"*>*“• 


OOjCjli 

O: 


CU(CO,C.II.), CH,CO,H 



C,Uj C,II, 

Lll 


It has further been demonstrated that the addition of dibenzyl malonate 
to 4-phenyh or 5-phenyJ-2-cycloheie«one*“’ and of methyl nitroacetsite 
to 2-phenyl-2-cyclohexenone takes the same stcric course.'™ 


SCOPE AND LIMITATIONS 
Donors 

All of the donor molecules appearing in Tables I-XXI are collected in 
Table XXIL In the almost complete absence of kmetJC studies of the 
Michael condensation, an exact companaon of the compounds acting as 
donors in the condensation is impossible However, in some cases in 
which the donor contains two active hydrogen atoms, the efficacy of the 

Bachin»im and Tonwrdd, J Am CAem Soe , 72, 6829 (1830) 

GinebuTg and Puppo^J^ CAem Spo , 1951» 938. 

!•> Bergmaim and Ssrou^ikoviCKp J. Am^ CAem fi'oc , 75, 3226 {1953) 

Ginsburg and Fappo, CAem.Svc^, 1953, J52i 
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activating groups can be eoniparccl directly. For eNamj)le, two carbeth- 
oxy groups activate liydrogen more than one carbetlioxy^^^ or one 
aldehyde group,' but one carbonyl group is more eilective than one 
carbethoxy groupd^^ The groups 011(0113) and Ol^O^Hj) have greater 
activating power than a methylene group,' and a nitro group is a 
more ])owcrful activator than a carbethoxy"’' or an alkylsuironyl group."' 
It also appears to be generally true that unsaturated ketones are more 
reactive than nitriles and nitriles more tlian esters, and tliat a,p- 
unsaturated sulfones are least reactive. The beliavior of methyl 
/^-cyanocthyl ketone in Michael additions'-^ con/irmed the atvonger 
activating iullueiice of a carbonyl group as opposed to a nitrile group. 
Recent work'" has shown that the pliosplionate group — PO(OR)3 also 
activates hydrogen atoms on the adjoining carbon atom. Like the nitro 
and sulfoxide functions, it also activates neighboring double bonds to act 
as acceptors (see Table XXI). 

Though one would expect the reactivity of a donor to bo related to tlie 
degree of onolization in the reaction environment, no simple relationship 
was found between reactivity and the tendcnc}’^ of the donor to cnolize 
in the pure state. Likewise, the reactivit^^ of a metliylene or mothino 
group toward a Grignard reagent (Zerowitinoff test) docs not appear to 
parallel its activity as a donor in the Michael reaction.'-’' 

Generally speaking, one would expect that the degree to which the 
Michael reaction takes place, as well as its rate, should bo importaatly 
influenced by the acidit}^ of the donor and the polarity of the carbon- 
carbon double bond in the acceptor. As to the former, the acidity of the 

/ 

hydrogen atom in the group RCH decreases in the following sequence: 

\ 


xo» Fnedmunn, J. pntkt. C/tem., [2], 146, 70 (1906). 

1^0 Moo, Warnor, and Buckloy, J, .i'lm. Chem. Soc., 73, 1002 (1051), 

1“ Hill, Am. Chem. J., 24, 1 (1900). 

Bachmann and Wide, J. Am. Chem, Soc., 72, 3388 (1050). 

Boekolheido, J. Am. Chem. *Soc., 69, 700 (1047). 

Frank and Picrlo, J. Am. Chem. Soc., 73, 724 (1051). 

Wilds, Rails, Wildman, and JIcCalob, J. Am. Chem. Soc,, 72, 6794 (1950). 

Leonard, Folloy, and Nicolaidos, J. Am. Chem. Soc., 74, 1700 (1962). 

Ill Buddoy. Elliott, Hunt, and Lowo, J. Chem, Soc., 1047, 1605. 

11* Truco and Wollisch, J. Am. Chem. Soc., 74, 2881 (1052). 

11* Honodta, Chem. Bcr., 81, 107 (1948). 

11* Henodea, Chem. Bcr., 82, 41 (1949). 

»»i Honccka, Chetn. Bcr., 82, 104 (1949). 
laa Henocka, Chem. Ber., 82, 112 (1940). 

1” Choin. Worko Huds, Gor. pat. 311,231 {C.A., 47, 11234 (1963)]. 

1*1 Pudovik and Lobodova, Zhur. Obshchei Khim., 22, 2128 (1952) [C.A., 48, 504 1964)]. 
i»* Connor and Andrews, J, Am. Chem. Soc., 56, 2713 (1934). 

1*® Me Alpine and Ongley, AaaL Chem., 27, 56 (1055). 
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K = XO, > SO,U > CN > CO*H > CHO > COR.‘» As to the latter, 
the electrotneric efTects of the activating groups which produce polarity 
in the double bond diminish m the sequence CHO > COR > CS > COjR 
> NOj. Through possession of appropriate combinations of these 
groups, certain substances, o g , ^-diketoncs, /^-keto esters or ethyl 
/?-anuiioerotonate, can act cither as donors or acceptors 


Donors 

(■•ll.fgrir.cot’H. 

cii,corH,('o,r,ii, 

cH.ccn,co,c,ir, 


Acceptors 

c ir,c=cHcocii, 

I 

OH 

C'U,C=t HCOjCjU, 

I 

OH 

CU,C=CHCOjC,lI, 

I 

XII, 


Reactions with Cyclopropane Derivatives 
A few cj'clopropane derivatives haie been observed to participate in 
the Michael condensation. In the reaction of ethyl l-cyanocyclopropane- 
1-carboxylate (LIII) with both ethyl cyanoacetate^^* and diethyl 
malonate,*^* ring scission occurs. ***"^’^ The intermediates LIV and LV 
cyclize to the conesponding cyclopen tanoneimide derivatives LVI and 
XrVTf, subsequent elimination of the cyano and the second carbethoxy 
group, respectively, leads to diethyl cyclopentanone-2,5'dicarboxylate 
(LVIII). In the analogous reaction between diethyl malonate and 
dicthjd cyclopropane-l.l-dicarboxylate, the same cyclopen tanone deriva- 
tive, LVm, formed via tetraethyl butane-1,1, 4, 4-tetracarboxylate can 
be isolated.*’®’^’* The similarity between a double bond and the 
cyclopropane ring illustrated by this reaction is supported by other 

Arndt. Schol*. «nd Frobel, Ann , 581, 111 (1936) 

Thorpe, -f Chtm Soc , 95, 1901 (1909) 

Mitchell end Thorpe, J. Otnm Soc , 97, 997 (1910) 

“• Bono end Forkin, Jr, ,7 Cktm Sae , 67, 108 (1895) 

Cf I'lttig and Boeder, Ann , 887, 13 (1885) 

Ml Cf Brat and Thorpe, J CAent Soc , 0S, 697, 609 (1909). 
i" Bedaleaco, Ser , 44, 1018 (1911) 

••• Kieretead, Linstead, and Weedon, J' CAem Soe , 1952, 3816. 
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evidence, particularly by tlie recent exj)erinientH showing that the 
enolate of diethyl inalonale undergoes a Michael reaction with diethyl 
2-vinylcyelopropane-l,l-dieurl)oxylate (LIX);^^* this partly follows the 



CH(CN)C;0,CMI:i 

1 

CIL. 

/ 

cn2Cii(CN)COAti5 

LIY 


1 

CIR 

/ 

CIRCircCNjCO.C.lI^ 

l.V 


11 



CH,=CH 


COgCaH^ 
Lix ^cOXoHj 


CH,==CH 


CO,CjIl5 

=0 


(C2H502C)jCHCH2CH=CHCH2CH(C02C’2H5)2 


135 Qf_ Klotz» «/. Am. Chem. Soc.^ 60, 88 (1944); RobertH and Gr'cen, ih\d.% 68> 214 (1946); 
Rogers, ibid.^ 69, 2544 (1947); cf. ref. 137. 

Kicrstcad, Linstead, and Weedon, d". Chem. Soc., 1952, 3010. 

Mariclla, Peterson, and Ferris, J. Am. Chem. Soc.^ 70, 1494 (1948). 

Smith and Rogier, J. Am. Chem. Soc., 73, 3831 (1951), 

Smith and Rogier, J. Am, Chem. Soc., 73, 3840 (1951). 

Mariclla and Raubo, J. Ortj. Chem., 18, 282 (1053). 

Greenfield, Fricdcl, and Orchin, J. Am. Chem. Soc., 76, 1258 (1954). 

*** Perold, J.S. African Chem. Inst., 6, 22 (1953) [C.A., 48, 4314 (1954)]. 

Eastman, J, Am. Chem. Soc., 70, 4115 (1954). 

»** Eastman and Selover, J. Am. Chem. Soc., 70, 4118 (1954). 
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abOTo scheme, but partJy takes place at the encls of the “conjugated” 
system. Both reactions occur also in doubly onsaturated 

carboxylic acid derivatives (see p 237). 

A similar study has been made“* of the reaction of cthjl cyanoaeetate 
with ethyl l-cyano-2-vin}’lcyclopropaiie-l-carboxylate, sjmthesized •» 
sita from train- 1 ,4-dibromo-2-butene and ethyl cyanoaeetate The 
product, obtained in 30% yield, was a mixture of the two cjclopentane 
derhatives LX and LXI 


cii,=ciicn — CUCN 

\ 

C=NU 

/ 

cn, — cHco,c,ii, 

LX 


ClI,— CHCN 

\ 

c=xn 

/ 

CII,==CUCH — CHCO,C,n, 


The System C=C— C=N 

The system G=C— C=N behaves like the system C=C— C=0 in the 
Michael reaction The most extensive studies, on the addition of reactive 
methylene compounds to qumone imidcs, have been summarized 
selected examples are given in Table IX 

2.Vinylpyridine and 4-vmylpyridine are suitable acceptors for the 
lUchael reaction (Table XXI). Analogously, phenanthridine-9-carbox- 
aldehyde reacts with 9-methylphenanthridine (LXII) to give 1,2,3-tri- 
(9.phenanthridyl)propane (LXIII),“» undoubtedly as shown on page 208. 
The formation of diethyl 4-methyl-5-aoety]pyndme-2,6-dJcarboxylate 
(LXVIII) from ethyl acetylpyruvate (LXIV) and ammonia*" appears to 
result from reaction of part of the ester with ammonia to give the imme 
of Its enohe form and a subsequent Jlichael condensation between the 
latter and the keto form of the origmal ester or its imme. 

In this connection, it should be mentioned that Schiff bases of the 
benzylideneanilme type (but not ketone anils) add, for example. e‘ny 
aoetoacetate.»»-«» ethyl oxaloacetate,***.’** diethyl maionate,‘“ ethyl 
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CHjCOCHjCOCO^CJIj + NII3 
LXIV 


CHjCOCIIX'COjCjrs Cn3C=CIICCO„C,Ili 

■ll ■ 1 II ■ 

Nil OH Nil 

LXV LXVI 


CH3 OH 


CH3 OH 

\ / 


\ / 

0 


0 

y 


y \ 

CH 

CH2COCH3 

CH, CHCOCH3 

1 + 

1 

1 ‘ 1 

>cc 

COCO2C2H5 

CoHjOX'O COCOjC^Hj 

'^NH 


■ '\nh 

LXVII CH, 

CjHjOjckjjJcOjCjH. 

LXVIII 
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cj’clopentanone-2-carboxylate,^^* ethyl cyanoacetate, malonamide, cyano- 
acetamide,*** and ethyl nitroacetate,^^* according to the following scheme. 

C,HsCn=XO,nj + CHjCOCHsCOjCjHs — C.nsCHNHCjHs 

I 

CH.COCnCOjCjHj 

The C=N group in Schiff bases and azines appears to behave as a 
carbonyl group, for these compounds can serve as donors. Examples are 
furnished by the Schiff bases of aliphatic aldehydes and ketones and of 
cycloalkanones which can be cyanoethylated in the * position to the 
carbon atom of the azomethine group '*** The reaction can be illustrated 
with cyclohexanone azine and methyl acrylate. 

Q_n . Q_k--khQ> 

+ I I 

2CIlj=CIICOjCir, CHjCHjCOjCH, CHiOHjCOjCH, 

Also, one can at least formally explain the reaction of the 3-hydrogen 
atom of indole (LXIX) with I-6thyIthiomethyl'2-naphthol^“ by the 
formulation of indole as the tautomeride LXX, An analogous reaction 



H LXX 


LXIX 

is that betw'een indolylmagnesium bromide and compounds of the 
co-nitrostyrene type.’^^* 


Acceptors 

a,p-Ethylenic Aldehydes (Table I). The condensation of 
ethylenic aldehydes (acrolein, crotonaldehyde, cinnamaldehyde) with 
suitable acid dcnvatives"®-^^'-”* (maloiiates, cyanoacetates, ethyl 

“• Lazzftraachi, Oazt x«I, 87, 371 (1337) 

“• Damow <md Fk3», X/w, 578, 122 (I9B7J 
Krimia, U s pat 2,768,962 [OU . " 


i4 (1937)]. 

_ wV-JuareB.ffelu CMm Acta, «, 8S2 (1957) 
“ PoppeWorf and Holt, J. Chim ^oe , 1954, 4094, 

>• Noland. Christanaen, Sauer, and button, .T A >n. 

" Parmer and Mehta, J C/tem Soc, 1831, 2561. 


Joe., 77, 4se (19SSJ. 


_ _ '2 (1924) 

•• H'aiwr'^ MoiV Aw Chtm , 70, 3470 (1 948) 

'• Warner and Moe, J. Am CA 


Sm, 71, 2586 (1949), US pat 2,468,SS2 [C A , 43, 


W.rn» and Moe. U.S pat. 2,506,050 [0 A.. 4t 8946 (1950)) 
"• Cope and Sjnerholm, Am. C/um.Ssc, 78, 5..8 (1950). 
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cyclohexanone-2-carboxylate) leads to derivatives of ^-aldehydo acids. 
Alkyl substitution in the a position does not appear to influence adversely 
the ability of the aldehydes to undergo Michael condensation ; (i substitu- 
tion, on the other hand, alters the course of the reaction.^^^»^^® (5’or 
furthei* synthetic uses of the condensation products see p, 249.) 

There are very few examples of condensations between a,jff-ethylenic 
aldehydes and ketones or aldehydes. In the aldehyde-a,/3-ethylenic 
aldehyde condensations secondary reactions regularly accompany the 
condensation. For example, the product to be expected from the 
interaction between cinnamaldehyde and phenylacet aldehyde, the 
dialdehyde LXXI, undergoes an intramolecular Cannizzaro reaction to 
yield d-hydroxy-^,y-diphenylvaleric acid, isolated as its lactone LXXH. 


C6H5CH=CHCH0 CgHsCHCHaCHO 

+ - I 

^ CeHsCHCHO 

CeHsCH^CHO LXXI 


^5C6\^C=0 

LXXII 


The “dimerization” of a,/3-unsaturated aldehydes such as 2-ethyi-2- 
hexenal which takes place under the influence of aqueous- alcoholic alkali 
has been explained as a Michael reaction followed by intramolecular 
aldolization to yield a cyclic pro duct. 


CH, 


CH 


CjHtC 


CHO 



CjHg 

1 

CA 

1 


1 

CH 

1 

CH 


/ \ 

/ \ 

CHCgH,-?! 

CH CHCgH^-n 

CH CHCjH,-^ 

Lc,h, 

''CHO 

■ 1 MU 

H C C 

±±5^20^ ^^CHO 


CHO 

CHOH 


Table I includes some acceptors having a hydroxy (or alkoxy or amino) 
group attached to the double bond, i.e., they are the enolic forms of 
compounds that can also function as donors in the ilichael reaction (see 
p. 205). All primary condensation products from donors that contain a 
C=NH group in the immediate vicinity of the reactive methylene group 
spontaneously cyclize with elimination of the hydroxy (alkoxy, amino) 
groups to yield pjTidine derivatives.^®^ 

>•* 3iU'cnveiu» y. prakt. CA«m., [2], 97, 225 (1918). 

Hiica-icrmann, Htlv. Chxm. Acta^ 34, 1482 (1951). 

*** MtxT%vcin, //cr., 53, 1829 (1920). 

Nielsen, J. Am. Chem. Soc.^ 79, 2518, 2521 (1957). 

*** Doniow, JJer., 72, 1548 (1939). Compare, Bauragurten and Dornow, JBer., 72, 563 
(1939). 
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CHiCOjCtHs CHj CHCOAHf _n,o 


NCOiCiHj -C.H.011 ij ^COjCjHj 

JcH, 


However, the course of cyclizatiou can sometimes vary From 
benzoylacetaldehyde and ethyl ^-aminocrotonate one does the 

expected ethyl 2-methyl-4-phenylpyTiclme-3-carboxylate, but the 6-phenyl 

isomer LXXIVA*' This probably results from the reaction of benzoyl- 
acetaldehyde as (9-hydroxycinnamic aldehyde (LXXIIl) or as j xy- 
met hyleneacetophenone. 


OH HN 
LXXIIl 


„ ft FthvUnlc Ketones (Table II). The Slichael conden- 
lyiphatlc a.?- y ^ proceeds normally; the yields 

safon of ahphatic which the ethylenic ketones 

n^rted ^. J„V^ by .h. fe. .h.l .»b.U„„, ..eh 

undergo the condensation IS exemp ^^ ^^^^^^^^ 2.carboiyI^^^^ 

as The sameb true 

reactwathm hy vmyl ke^^ -th ethyhdeneacetone and 

mesSl oxBo "spectivel^*» Compare also the reaction of kojic acid 
with acrylonitrile-^’* 

... iUl.r«d J. CW 5«.. 6«. tot (19«„ 
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An example of the reaction of hydroxymethylene ketones is seen in the 
condensation of the methyl ethyl ketone derivative LXXV with cyano- 
acetamide (under the catalytic influence of pyridine or piperidine). 

The primary product cyclizes spontaneously and, dependent on the 
operating conditions, 2-keto -3- cyano -4-hydroxy-5, 6-dimethyl- 1,2, 3,4- 
tetrahydropyridine (LXXVI) or its dehydration product, 2-hydroxy-3- 
cyano-5,6-dimethylpyridine (LXXVII), is obtained. 


CHOH 


y 

CH3C 

1 

CH3C 

\ 

O 


CHoCN 


4- 


CO 

nh. 


LXXV 


OH 

I 

CH 

/ \ 

CH3CH CHCN 

I I 

CH3C CO 

\ / 

O NH2 


-H,0 


HO H 



LXXVI 


-lIjO 
^ 



CN 

OH 


LXXVII 


^Icntion should Anally be made of the behavior of doubly unsaturated 
ketones. Of this group, two types have been somewhat cursorily In- 
vestigated. Crotylideneacetone (LXXVIII) yields with diethyl malonate 

Tracy arid KlclcrncW, J. Org, CViem., 6, 03 (1941). 

Joahi, Kuuahal, and De.shapandc, J. Indian Ch(m, Soc., 18, 479 (1941) [C.A; 36, 
4182(1942)]. 
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in the presence of sodium methoxide a mixture of tuo substances, of which 
the predominant one, LXXIX, results from 1,6 addition, the isomer 
LXXX from 1,4 addition.^ « 5-Methyl.l,4-hexadien-3-one (LXXXI) 
reacts, under the influence of sodium methoxide, both with diethyl 

cii,ciicti=^cncHttCocu, 

I 

CH(COAII»h 

LXXIX (6S%> 

Cn,CU=aCHCHCH,COClI, 

I 

cu(Co,c,n,), 



LXXX (2»%) 

malonate and acetylacetone at the less -substituted end of the mole- 
cule only, giving LXXXII and LXXXIII, respectively *'’■* Pliorone 
(LXXXIV) does not react analogously to LXXXI with diethyl malonate 
m alcoholic solution. Instead the product obtained, LXXXV,*” is 
identical with that obtained from mesityl oxide.' Apparently 

(Cii,)jC=CHCocu=cii, — (cu,),c=cucocH,cir,cn(co.c,ii.), 

LXXXI L.\X\lt (75"./ 

(CHs),C=.CUCOCII,cn,CIHCOCH,), 
Lxxxni (ss-7o%> 

U,C CJI, 

(cu,),o==cucocn=c(cir,), 

LXXXlV 

LXXXV 




phorone reverts to mesitjl oxide more quickly than it reacts with the 
malonate. or the adtluct fonned suffers retrogression. 

a-P-Acetj lenlc Ketones. Acetylenic ketones that contain the triple 
bond in the * ff jmsition would he exivcted to give x.^-olellnio ketones in 



li"< , JM«, SOI [C-t, 
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the Michael condensation, as shown in the formulation. In the cases 
investigated (acetyl-?^-butylacetylene,^®® propionylphenylacetylene,^®^ 


IiC~CCOK' + CH2(C02C2H5)2-> RC=CHCOIi' 

1 

CH(C02C2H5)2 

benzoylphenylacetylene,^®^ benzoyl-o-chlorophenylacetylene^®^), the pri* 
mary products from malonic esters and the corresponding sodium 
alkoxides as catalysts proved too reactive to be isolated; cyclization 
products were isolated instead. From acetyl-n-butylacetylene, the 
a-pyrone derivative LXXXVI, which could be converted to S-zz^-butyl- 
resorcinol, was obtained. The phenylacetylene derivatives also cyclized 

CH 

y \ 

n-C4HoC=CCOCH3 n-CiH^C COCH3 

+ ^ I 

CH2(C02K)2 CH(C02R)2 





LXXXVII 


to yield a-pyrones, LXXXVIL^^^*^^^ Analogously, the reaction between 
cyanoacetamide and propionylphenylacetylene^®^ or benzoylphenyl- 
acetylene*®^ leads to the substituted 2-pyridols, LXXXVIII. From 


CH 

y \ 

CcH;iC COH 

1 

NCCH 

X 

\ 

CONH; 



txxxviii 


AnktT und Cook, J. Chcm. Soc.^ 1945, 311, 
liarilhun. J. Chcm. .Voc., 1929, 2223. 

**> Kohler, J. .Im. Chtm, Soc., 44, 379 (1922). 

Uickcl, J. Am, Ch<7n, Soc., 72, 1022 (1950). 

Uunit, J, Indian Ch^m. .Voc., 7, Jiol (1930) iC,A., 25, 2115 (193i)J. 
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5-methyl-3-hexyn-2-one and diethyl malonate in the presence of a small 
quantity of sodium ethoxide 3-carbethoxy‘4-isopropyl-6-methyl-«-p}Ton6 
(LXXXIX) 'was obtained in 69 yield 

cu(cn,), 

hAoJ=o 

Lxxxrx 

Cyclization also takes place in the reaction between methyl ethynyl 
ketone and 2-itj ethyl cyclohexanone Under the influence of sodium 
hydride, 2 -keto- 10-methyl-2,5,6,7,8,10-hexahydronaphthaleneis formed 



cn, 


(CH,),CHC^COCII, 

+ 

cn,(CO,Cjn*)* 


la the Michael condensation between ethyl ethynyl ketone and the 
cyclohexanone derivative XC under the influence of sodium tnphenyJ- 
methide, very low yields of XCI were obtamed,'^®’ cf. refs. 188 and 189. 
As similar unsatisfactory results had been recorded in analogous 



“* Snuth and Kelly, J. Am. CMm. Soe , 74, 330S (19S2) 

“• Woodward and Singh, J Am. CUm Sec., 78. 494 {19S0) 

•" Clemo and McQmllin, J CUm. See., 1852, 3839 

OoBatoae and TuUooh, J. A}^.C>i*m. London, 4, 291 {1954). 

“• Abe, Harukawa. Ishikawa, Sliki, Sujnj, and Toga, J’roe. Japan. Acad , £8, 425 (1952) 
[CA„ 48, 1317 tl964)J. 
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reactions,^*^®'!^^ a systematic study of the reaction between 2-methyl- 
cyclohexanone (in the form of its metal enolates) and ethyl ethynyl 
ketone, formed in situ, was undertaken. However, /3-chloro vinyl ethyl 
ketone, ^-ethoxy vinyl ethyl ketone, and /3-propionylvinylpyridinium 
chloride gave about the same yields as ethyl ethynyl ketone itself; and 
^-dimethylaminovinyl ethyl ketone did not react at all with the sodium 
enolate. Moreover, in addition to the expected l,10-dimethyl-2-keto- 
2,5,6,7,8,10-hexahydronaphthalene (XCII), the open-chain product 
2-methyl-2-(/3-propionylvinyl)cyclohexanone (XCIII) was formed. A 




XCII XCIII 

considerable advantage was noted in use of the calcium or the lithium 
enolate of 2-methylcyclohexanone with ^-chlorovinyl ethyl ketone; these 
gave yields of 12-14 and 20%, respectively, whereas the sodium enolate 
gave only 3-4%. 

Aromatic a,p-Ethylenic Ketones (Tables III, IV). The introduc- 
tion of aromatic radicals into the terminal positions of the system 
C=0 appears to increase its polar character and therefore its 
tendency to undergo the Michael condensation. Perhaps it is for this 
reason that a very large number of such reactions has been carried out. 
Tlioso in which the ketone is unsaturated on only one side are summarized 
ill Table III, in which the following order is observed: vinyl phenyl 
ketones, methyl styryl ketones, phenyl styryl ketones. 

The unsaturated ketone dypnone (XCIV) undergoes self- condensation 
when treated with alkali. The product “dypnopinacoT’ has been given 
the formula XCV.i»i-i93 Although XCVI has been assumed to be an 
intermediate, seems quite unlikely that the methyl group has a 


CoH5C(CH3)=a(OH)CeH5 

I 

CH2 

CoH^C^CHCOCeHs 
XCVI 

Gujiatono and Heggio, C/jcm. Soc., 1952, 1437. 

Iwunow and Iwunow, Ber., 7Q, 988 (1043). 

Iwanow und Iwunow, Ber„ 76, 1148 (1943). 

Mcurwcin, Ber., 77, 229 (1944). 


CH, 


C,U3C0CH=C(CH3)C,H, 

XCIV 


O COCeH, 
^OH 

xcv 



THE MICHAEL REACTION 


217 


sufficiently reactive ilrogen to act as a donor. It la suggested by the 
authors that some of the dypnoiio is hydrolyzed to acetophenone by 
analogy w ith the know n hydrolysis of mesityl oxide. Acetophenone then 
gives the dikctoiie XCVH by Michael condensation; the diketone con- 
denses with another molecule of acetophenone to yield the aldol XCVIII, 
which cj-clizes normally to dypnopmacol 

C.UjC OCHjC(CU,)C,Hj 

I 

c,u,(cn,)Ccucoc,ii5 

I 

OH 

Fewr doubly unsaturated ketones of the type CjHjCH^CHCH^CHCOB 
api>ear to have been studied. When cmnamylideneacetone (XCIX) is 
treated with diethyl malonate and sodium ethoiide, 1,4 addition takes 
place. The primary product C eyebzes spontaneously, leading to 


i 

CHjCOC.H, 

-Xcvii 


C,U.CH=CIICH==CTICOCH, CH.COCII, 

XCl.X 

+ — c,ii,cn=cucH 

\ 

CHj(COiC,IIj)j CHCOjCjHs 



COjCjHs 


4-carbethoxy-5-stjTyIcycIohexane-l ,3-dione (I).i78.i »i.i Cuinamj lldene- 
acetophenone also gives the 1,4 addition products II and III, respectively, 
writh diethyl malonate and sodium ethoidde,'” and with acetophenone 

C H CH=CHCHCH,COC,Hs C.HjCH^CHCHCH.COC.H, 

I I 

CHtCO.CjH,), CH,COO,H, 

II III 


• Enumeration of formulaa begins with I again after C to reduce the coropleiitjr of the 

’““JTorlacnder, B«r, 38, 2339 [1B03), 

■M Vorlacnder and Groebel, Ann , 845, 165 (1606), eepecially p 206, 

It. Vorlacnder and Slaudingcr, Ann , 345. 155 (1806), especiaUy p. 211. 
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and potassium hydroxide in ethanol. This is in contradiction to the 
behavior of diethyl cinnamylidenemalonate (see p. 501), "which undergoes 
1,6 condensation. The adduct III from cinnamylideneacetophenone and 
acetophenone is accompanied by a product whose formation involves two 
moles of acetophenone. Condensation of cinnamylideneacetophenone 
with ethyl acetoacetate gave a substance C28H22O3 of tmeluoidated 
structure. 

Considerable attention has been paid to Michael condensations with 
doubly unsaturated ketones of the type RCH=CHCOCH=CHR, e.g., 
dibenzylideneacetone and dicinnamylidenacetone The 

experimental material available, summarized in Table IV, shows that the 
two double bonds in dibenzylideneacetone undergo Michael condensation 

CqH5CH=CHCOCH=CHC6H5 

IV 


CeHsCH=CHCH=-CHCOCH=CHCH=CHCQH5 

v 


independently of each other. If the donor contains two enolizable 
hydrogen atoms, there is often a secondary intramolecular step leading to 
a six-membered ring (VI),i^8 Substances of the dicinnamylideneacetone 
type appear to undergo the Michael condensation by 1,4 (not 1,6) addi- 
tion. 


O 


O 



CaHsCH CHC0H5 




II 


CeHjCH CHCeHj 

\ 

CHCCOjCjHs)^ 



O 



CjHjOjC COjCjHj 


VI 


Wittjg und Kosack, Aun.^ 529, 167 (1937). 

Kohler and Dowoy, J. Am. Chcm. Soc., 48, 1267 (1924). 
Kohler and Helmkamp, J. Am. Chcm. Soc., 48, 1018 (1924). 
Marvel and Moore, J. Am. Chcm. Soc., 71, 28 (1949). 
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It is of interest to compare the reactivity of the double bonds in 
unsymmetncally substituted di be nzylidene- acetones. In dibenzylidene- 
acetone, chlorine in the 2, 3, or 4 position*®* or a methoxyl group in the 
4 iwsition'®® deactivates the neighboring double bond so that Jlichael 
reaction occurs only on the side of the unsubstituted benzene ring. The 
chlorine atom in a- (3- or 4-chlorobenzylidene)-/S-{4'-methoxybenzylidene)- 
acetono causes the reaction to take place on the double bond adjacent to 
the chlorinafod nucleus On the other iiand, a hydroxyl group in the 2 or 
4 position of the benzene nucleus lias a stronger activatmg induenco than 
a 2-methoxy grouj) or a chlorine atom in the 3 or 4 position.*®*”*®* 

It is noteworthy as well as surprising that ethyl acetoacetate condenses 
with a-{4-dimcthylaminobenzyhdcne)-^-(2-hydroxybenzylidene)acetone, 
JJJ the presence of potassium hydroxide as catalyst on the dimethylamuio 
group side, w hereas ethyl cyanoacetate with sodium hydroxide as catalyst 
adds to the side of the 2-hydroxyphenyl radical.*®® The same difference 
is evident in two other cases listed in Table IV, 

Heterocyclic a.p-Ethylenic Ketones {Tables V, VI). In view of 
the aromatic character of the furan system, a,/3'ethylenic ketones con- 
taining the furyl group should behave like their phenyl analogs 
This expectation is borne out by the examples in Table V. A character- 
istic difference, however, is the fact that ahiiost no secondary eycliz&tion 
or isomerization reactions take place Table V also includes a few 
heterocyclic compounds not derived from furan. 

Table VI lists a number of other heterocyclic a.i^-ethylenic ketones, 
mostly oftheacylcoumarintype. ***“*** Severalreactions carried out wot h 
2-(p-methoxybenzylidene)'4,5-henzo-2,3-dihydrofuran-3-one***'*‘** and 
y-pjTone are included.**® The reaction of y-pyrone and diethyl malonate 
is somewhat complicated, but it can be assumed that the first step is a 
Michad condensation to VII, w'hich is foUow'cd by ring opening and 

lUilbron and HiU, J. Cktm Soc , 1928, 2883 
"• Heilbron and ForaWr, J CJitn Soc., 125, 2064 [1924). 

Hnilbron and IIiH, J. Chtm S<k , 1927. 013 
«”• Jenning. and McGooIun, J. Chem. Sot: , 1934- 1741. 

*** Heilbron, Forster, and Whitworth, J CAem. Soc , 127, 2169 (1925) 

“• Peak and Robinaon, J CAem Soe , 1937, 1581, 

Andrews and Connor, J. Am. Chtm. Son . 57, 395 <1935) 

Drake and Gilbert, J. Am. Chtm. Sot , 52. 4965 (1930) 

»*» KloeteeU-r Am. Chtm Sac , 69, 2271 <1947), 

•"> Tunter.J.Am CArat. Jar, 73, 1284 (J 95 J). 

•“ Koelsch and Snndet, J. Am Chtm Sot , 72, 1691 (1960). 

Koelsch and Sundst. J, Am. Chtm Sac , 72, 1844 (1950) 

«» Sastri and Seshadri, Proe. Indvin Atad.Stx . 16A, 29 (1942) IC A , 37. 880 (1943)] 
t‘t Psnae, Shah, and Wheeler, J. Indtan Chtm Sot , 18, 453 (1941)10 A , 3* 4501 (2942>J. 
iire Panse, Shah, and Wheeler, J, l/me. Sombay. 10, Part 3, 83 (1041) [C.A , 36, 4607 
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recyclization. Elimination of one of the carbethoxyl groups makes 
possible the aromatization to form VIII, 


O 

CH CHCHCCOaC^HA, 

II I 

CH CH2 
C 


O 

VII 


HO CJELiCO^C^B:,)^ 



C 


II 

o 


C02C2H5 



OH 


VIII 


Table VI also includes the Michael condensation between rhodanine 
and alkylidenerhodanines. In this reaction, a,a-bis-(2-thio-4-ketotetra- 
hydro.5-thiazolyl)alkanes are formed from rhodanine and aliphatic 
aldehydes. 

Cycloalkenones and Acyl Cycloalkenes (Table VII). The l^Iichael 
condensations of cycloalkenones and 1-acylcycloalkenes have been listed 
in a separate table (Table VTI) in view of the importance of the products 
in the synthesis of hydroaromatic polycycHc substances related to the 
steroids and steroidal alkaloids. 

The adducts obtained from acetylcycloalkenes®3^9»'2i6-2i8 undergo 
intramolecular condensation to polycyclic ring systems, as exemplified in 
the accompanying reactions of 1-acetylcyclohexene (IX).93,98 



CH3COCH2CO2C2H5 — 


O 



CO2C2H5 



+ 



Bradsher. Brown, und Gmnthom, J. Am. Chcm. Soc 
Huuthomo and Robinson, J, Chcm. Soc., 1938 7C3 
He wen. J, Chem. Soc., 1938, 
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Table VH further includes some cases in which oycloalkylideneacetones 
hare been subjected to the Michael condensation ii*-m Here, too, 
oyclization of the primary adduct is spontaneous as shown by the forma- 
tion of X.“* As in many other reactions, the remaining carbethoxyl 
group IS often eliminated in the process. 

Q ^iicocjii ^^'■^cu^oocu^ 

+ CnjICOjCjHj), — I J^CHCOjCsH, 

COjCjHi 'w 

OCX 

CO,C,H, 

X 

Michael condensations with hydroxymethylene- or alkoxymethylene- 
cydoalkanones lead to interesting cyclic products The product, eg., 
from 2-hydroxymethylene cyclohexanone and cyanoacetamide {in the 
presence of piperidine or diethylamine),**^ eliminates water between the 
amide group and the carbonyl group of the cyclohexanone. The hydroxyl 
of the hydroxymethylene group is also eliminated as water, yielding XI 
(R = H, CH,) 



The dimerization of piperitone®^^ (XII) appears to be a special case of 
Michael condensation. The methyl group of one molecule provides the 
hydrogen for the saturation of the second, the first molecule behaves, 
therefore, as a vinylog of a methyl ketone and does not utilize the existing 
hydrogen in the ortho position, perhaps due to sterio inhibition by the 
isopropyl group Two stereoisomers are formed. The structure of the 
dimeride of piperitone, which is stabilized by hydrogen bond formation 

Kimd;»h, Chm Sec , 1931, 9S2. 

Kon «nd TJwfcor, J. Ch«m. Sec , 1936, 3317 

Norria and Thorpe, d Chem. See , 110, 1199 (1921) 

”• Thekar, J. Chem Sec , 1038, 2147. 

•" Thekur, J. Chtm See . 1932. 21S7 
*" Sen-Oape«. J. Chan See , 107, JS47 (1915). 

•“ Teylor, CArmirtrj, * /ndarlrp, 1954, 252 Cf. Cole, xb\d , 1954, «6l. 
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between the earbonyl and the hydroxyl groups,'**'' has been indicated by 
analogy with evidence obtaine<l by degradation of the diineride of 

3,5-dimcthyl-2-cyclohexen- 1 -one."’ 



Robinson’s Modification of the Michael Condensation (Table 
). he use of a inaiikecl form of tlie a,^-ethyleaie carbonyl coni- 
pound, which produces the latter in niLu, is of practical importance with 
sensitive ketones and in condensations reciuiring stringent experimental 
conditions. Although saturated /3-chloroketone3 had had some use as 
precursors of the corresponding a,/?-cthylenic ketones, “s Robinson and 
his co-workers=8.223-23i introduced the use of /^-dialkylaminoketones or 
their quaternary salts; these decompose gradually into a dialkylamine 
or trialkylammonium salt and the desired a,^-ethylenic ketone. These 
starting materials are reacfily accessible by appropriate Mannich reac- 
ions of saturated ketones and, if necessary, subsequent quaternization 
as shown in the accompanying reaction sequence. 

CHaCOCHa-^ CH3C0CH2CH2N(CH3)2~. 

Cn3COCn2CIX2N(CH3)3l ^ ClIaCOCil—CKj -f (Cil3)3NfiI 


BrjggH and Colebrook, CJurnistry db Indxulry, 1955 , 200. 

Ayer and Taylor, J . Chem, *S’oc,, 1955 , 2227 . 

m lb •*'> 29. 150 (1035)). 

du Feu, .McQudlin, and Robinaon, J. Chem. aSoc., 1937 53. 

McQuiIlin and Robinson, J. Chem. iS'oc., 1938 , 1097 . 

McQuillin and Robinson, J. Chem. A’oe., 1941 ,* rm. 

Blicke, m Adanrw, Oryanic IUaclion% Vol. 1, *Chajiter 10 , John Wiley Sorxs, 1942 . 
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Although these reactions are included here (Table VIII) among Michael 
condensations, it has not been certain that they proceed by way of the 
«,^-ethylenic ketone as an intermediate A recent study of these 
reactions has led to the conclusion that the olefinie intermediate, as 
outlined by Robinson, occurs whenever there is a hydrogen atom on the 
carbon atom beta to the mtrogen * 

The scope of Robinson’s modification of the Michael reaction has been 
widened by the observation*^ that l-dialkyIammo-2-nitroalkane3 (the 
Mannich bases of nitroalkanes) can replace the corresponding nitroolefins 
in JEchael condensations. 

R,NCH,CH(NO,)CH,CH, ^ H,NH + CH,=C(NOi)CHiCH, 

Another variant is the use of the alkylthio mstead of the dialkylammo 
group. Thus, l-ethyUhioinethyl-2-naphthol reacts as the 1-methylene 
derivative of the keto form of 2-naphthol.^^* 
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P^Q^^^ones and Derivatives (Table IX). As in many other reac- 
tions, e.g,, the Diels- Alder synthesis, ;p-quinones behave in the Michael 
condensation as a,^-ethylenic ketones. However, although the enols 
formed in the Michael condensation of most a,/?-ethylenic ketones ketonize 
spontaneously, the enols formed from quinones are hydroquinones and 
are stable. 

Certain of the hydro quinone products are dehydrogenated in situ by 
an excess of the original quinone, so that the newly formed quinone can 
undergo a second Michael condensation.2S2 


O 


II 

+ NCCH2CO2C2H5 

o 


OH 

JcHCOjCjHs 

ON 

XUI 


O O 



XIV 


XIV -f NCCH2CO2C2H5 


CN 

I OH 
C^HsOgCHCI^ 


CHCO2C2H5 


OH 


CN 


CH3 

CH, 



CH3 

XV 


Wood, Colbum, Jr., Cox, and Garland, Am, Chem, Soc., 66, 1540 (1944). 
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Other h.vdroquinones undergo e\ dilation involving the hydroxyl group 
of the hydroquinone and leading to condensed heterociclic ring systems 
As example is the formation of the lactone XV shown on p. 224.*^ 

In other eases not only isocoumarones are formed, hut also coumarin 
dcnvatu'cs such as X\'I When unc ddonde is used to cataij'ze the 



(•ir,C0fH,( 0,( jllj 


<U, 


t’H, 


reaction of p-Lcnzo<juinone and ethvl acetoacctate. either a mono (X\^I) 
or bUdenvattie (XVIII) tan lie formed C> dilation also takes place 




Santb PtKit/id, J JIM?) 

“ Smith mid Boj.ck, J. Am CA<m S^>c , 70, 2690 (U«) 
•• Pechmmm. £«r, 81, 3005 ( 1888 ) 

“ Ikut«. J pratl Chtm , (2), 45, 7* (J892) 

“ Gnetw •nd Levy, Ann,. 289, 2*3 (189*) 
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when benzoquinone reacts with the imine of ethyl acetoacetate (ethyl 
/3-aminocrotonate). In acetone or anhydrous ethanol as solvent, 2-niethyl- 
3-carbetHoxy-5-hydroxyindole (XIX) is formed.^^® In the same way, 

CH2CO2C2H5 

I CHCO,C,H, 

/ ■ U.0 ioH. - 

HN ^ 

NH 

H 

XIX 

N-phenyl-2-methyi-3-carbethoxy-5-hydroxyindole was obtained with 
ethyl ^-anilinocrotonate, and the corresponding N-carbethoxymethyl 
compound from ethyl ^-(carbethoxymethylamino)crotonate. 

Ordinarily only an unsubstituted carbon atom of the quinone ring is 
attacked by a donor anion, possibly for steric reasons. Thus, trisubsti- 
tuted quinones undergo only mono condensation.25^'259,260 However, it 



XX 


is possible for a tetrasubstituted quinone to participate in the Michael 
condensation.261-263 ^ substance like duroquinone (XX) presumably 
reacts in a tautomeric form (considered to be the intermediate in the 
dimerization of this quinone ),^®^ which is evidently much freer of steric 
hindrance than the normal form. 

In one instance, a methylene quinone ( 1 -methylene- 1 , 2 -naphthoquinone, 
XXI) has been shown to undergo the IVIichael reaction with diethyl 

Nenitzescu, BuL Soc. Chim. Romania, 11, 37 (1929) 24, 110 (1930)]. 

Smith and Kaiser, J, Am. Chem. Soc., 62, 133 (1940). 

Smith and King, J. Am. Chem. Soc., 65, 441 (1943). 

Smith and Dobrovolny, J. Am. Chem. Soc., 48, 1693 (1926). 

Smith and Kaiser, J. Am. Chem. Soc., 62, 138 (1940). 

Smith and Tenenbaum, J. Am. Chem. Soc., 59, 667 (1937). 

»•« Smith, Tess, and UUyot, J. Am. Chem. Soc., 68, 1320 (1944). 
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malonate, though in small yield. In this case, too, eyclie&tian occurred 
fo™ 5.6-benzo-3,4-dihyclrocoumann-3-carboxyUte (XXII) was 



XXI 


A complicated modification of the iilichael reaction of p-quinones has 
been observed to result from condensation of 1 ,4-naphthoquinone (cf. ref. 
261) ivith ethyl acetoacetate in the presence of pyridine and pyridinium 
hydrochloride cf. ref. 267. The final product had lost the acetyl 
group of the acetoacetate molecule; the same product (l-carbethoxy-2,3- 
phthaloylpyrrocoline, XX II I) was therefore obtained when ethyl benzoyl- 
acetate was employed. The reaction has been formulated as shown. 



The complexity of this sequence explains the low yield (14%) as well as 
the fact that also 2-bromo. and 2, 3 -dichloro- naphthoquinone and 1,4- 
naphthoquinone-2.sulfonate give the same product, ■» ith loss of the polar 

•« Smith and Bornfr. Jr , J, Am C/^m. Soe . 6D, 676 <1»3S) 

“♦ Pratt, Luckenbaugh, anil Erickson, J. Of? CArni , 19, l<6 (1964). 

»" PmteandEoehw.i/./is., CArm.JiW. Jaoijuinolmeabow* arrarijyjiy 

eomparabla with that of pyridm*. Quinoline, however, la relatively- unwactive and the 
producta dcaeribed in ref. 266 M derived from quinoline have been shown to have been formed 
from Moqumoline prerent Jn the quinoJine u»d Pratt, Bice, and Luckenbaugh, J Am. 
citm. Soe., 79. 1212 <1957). 
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substituents.-®^ According to Suryanarayana and Tilak,-®® 2,3-dichloro- 
napiitlioquinone also yields the same compo\ind (XXII £) when condensed 
wdth diethyl nialonate or ethyl benzoylucetate. The Indian authors 
assigned to it, originally, the formula XXIV, but withdrew it later in 
favor of XXIIL2^®-2’3 

They further observed, in the condensation of 2,3‘dichloro-l,4- 
naphthoqiiinone with acetoacetanilide in pyridine, that the ultimate 
partial degradation of the side chain involved cither the acetyl or the 
anilide group, thus leading both to XXV and XXVI. Compound 



XXVI is also obtained when acctoaceto-o-chloroanilide, -o-toluide, or 
2-(acetoacetamido)-6-ethoxybenzothiazole is employed instead of the 
unsubatituted anilide. 

An analogous reaction was observed when ethyl acetoacetate in pyridine 
solution was condensed with chloranil or 2,6-dichloroquinone, leading to a 
mixture of XXVIIA and XXVIIB. The structure of XXVIIA was proved 
by its synthesis from tetraethyl 2,5-dichloroquinone-3,6-dimalonate and 
ethyl acetoacetate in pyridine solution. 

«« Michel, jBcr., 33, 2402 (1000). 

Suryanarayana and Tilak, Proc. Indian Acad, Sex. ^ QOA, 185 (1054) 49, 12411 

(1066)]. 

Suryanarayana and Tilak, Proc, Indian Acad, Sci., 38A, 534 (1053) [C,A., 49, 2390 
(1055)]. 

Suryanarayana and Tilak, Currexil Sci. India, 22, 171 (1953) [C./l., 48, 14212 (1954)]. 

Acharya, Tilak, and Venkiteswaran, J. Sci. Ind. Research India, 14B, 250 (1955) 

50, 15531 (1950)1. 

Acharya, Suryanarayana, and Tilak, J.aSci. Ind. Research India, 14B, 394 (1955) [O.A., 
50, 12971 (1950)]. 
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XXVUA XXVUB 

2 enters also into Michael reactions with ^-naphthol or 

y roxy-3 naphthanilicle. These donors react in their tautomeric keto 
orms, as m several other instances (see p 2il), and cause the loss of the 
^ ogen atoms, leading to compounds of the following t3?pe 



fR = H. CONHCiHj) 


Acrylonitrile, Other et,P' Unsaturated Nitriles, and Their 
Amides (Tables X, XI, and XIA). Acrylonitrile has been used as an 
acceptor in Michael synthesis more widely than any other derivative of 
a,^-ethylenic acids The reaction with acrylonitrile has not only been 
used for preparative purposes, but it has become a tool for testing organic 
molecules for enobzahle hydrogen atoms. The literature is summarized 
m Table X, which also brings up to date an earlier review' of the 
cj'anoethylation reaction.*^* 

Some interesting generalizations emerge front Table X. In aliphatic 
methyl ketones, a methine group adjacent to the carbonyl is more reactive 
than a methylene group, and a methylene group is more reactive than a 
methyl group In cyclohexanone and 2.su bstit uf ed cy elohexanones, 

hj'drogenin the 2 position reactsfrrst with acrylonitrile;*'*-”*-*'*-*’* when 
no more labile hydrogen remains at the 2 position, the 6 position is 

“• Bnuon, in Adams. OrvariK KtacItOTH, Vol S, p 79, Joliii Hiley k ions. IDla 
»t»o ir.S put 2.S86.738(<7 i , <«. 7S3* 

Bvkli-y BDd Lvvioe, J Am Sac . 73, 389S (1950} 

«• CftmpbtU. C«rter, «i>d Sl»i»r, -A CAcm Sac , lS4t, i!*t 
•” Z»n«r. and Umiw, J Orf Chtm . 13, 91 1 (1918} 

*« BniBon .nd .ViwiMftBiwer. US p.< d , «. irSS (r»t8)J 

•>* Broion «nd J. .4fi». CA»f«. Sac . 70, 2I« (1918) 
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attacked by the nitrile.^ '^*27 9 jnethyl ketones, all three hydrogen 

atoms of the methyl group react successively with acrylonitrile.^'^ 

itro methane and nitroethane are reported to give varying yields in 
the reaction with acrylonitrile.^^^*^®®”^^ Dinitromethane, on the other 
hand, readily gives bis (cyano ethyl) dinitromethane, which loses one nitro 
group, and the scission product reacts \vith a third molecule of acrylonitrile 
to yield trLs(cyanoethyl)nitromethane.®°® 


CH2(N02)2 — {NCCH2CH2)2C(N02)2 — - 

(NCCH2CH2)2CHN02 (NCC’H2CH2)3CN02 
XXVIII 

In some a,/9-ethylenic carbonyl and carboxyl compounds, the inh erent 
possibility of tautomerization to the -unsaturated forms is enhanced 
by the reaction with acrylonitrile. From mesityl oxide, for example, a 
mono and a bis adduct are obtained ;233,284 cf. ref. 764. For the latter, 
the formula XXIX has been established by degradation. For the former, 
Bruson and Riener have proposed the a,^-unsaturated structure XXX 
because of the formation of XXXI by hydrolysis. The evidence does 


CH 2 CH 2 CN 

CH2=C(CH3)CC0CH3 

\ 

CHsC^HaCN 

XXIX 


(CH3)2C=CC0CH3 

i 

CH2t>S2 ON 
XXX 


(CH3)2C==CC0CH3 

I 

CH 2 CH 2 CO 2 H 

XXXI 


CH2=C(CH3)CHC0CH3 

! 

CHjCHjCX 

XXXII 


not exclude the possibihty, however, that during hydrol 3 -si 3 the double 
bond shifts into the a,^ position and that the correct structure is the one 
shovn in XXXQ. In any event, XXXTT undoubtedly represents the 
structure of the primar^’^ product of the interaction between acrvdonitrile 
and mesit^’l oxide. 

Revising a previous statement^ on the reaction of isophorone with 
acrylonitrile, Bruson and Riener have obtained mono-, bis-, and 


Thurston, Can. pat, 443,713 42, 205 (1948)]. 

Wulff, Hopff and Wiest, Ger. pat. 728,531 [C.A.,^38. 376 (1944)1. 
Bruton and Riener. J, Am. Chcm. Soc., 65, 23 (1943). 

Bnison and Riener, J. Am. Chtm. Soc., 64, 2850 (194*>) 

BruMjn and Riener, J. Am. Chtrn. Soc.. 66, 50 (1944). 
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tri3.cyanocthjl derivatives (XXXIII to XXXV) of isophorone, to which 
they assigned the following structures (R = ClfjCHjCN) 


VII. cu. 



XXXIII 


CHj CII, 



11 

XXIV 


CU, CU, 



11 

XXXV 



11 

XXXVI 


CH, cn. 



xxxvii 


CU, CH, 

r'^cu.cii 

=L^ CO, 11 


However, it has been ahown^** that the jiitmo derivative is XXX VJ, as it 
could bo ozonized to yield 3,3-diinethyl-5-li.etohexanoic acid (XXXVII) 
(after hydrolysis of the nitrile group), whereas XXXIII should have given 
XXXVII! As in the case of mesityl oxide (p. 230), the tautomeric 


CH, CU, 



XXXIX 


cir, CH, 



H II 
XI 


form (XXXIX) of isophorone undergoes reaction , the primary product 
XL then isomerizes to an a,;3-«naaturated ketone. The infrared spectra 
of the bis and tris products reported by Bruson and Riener”^ suggest the 
following structures for the mono-, di-, and tri-cyanoethylated products, 
respectively 



The alkylation of isophorone takes place in an analogous manner.**' 


••• Bruson and Rie 
••• JuLli, Camjit re 
"» Coma. Bull toe 


ner, J. Afn. Chem. Soc , 75, 3585 (1953) 
nd, 837, 913 (1953) 
cMm. Fnntt, 19M. 890 
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o o o 

XLV 

..eQc„.c„.co.„ 


HOUjCl?^ ICHjCHjCN HOH,C 


■tj: 


Co„.,<Ierably les. aork h.s been done on Ih, M.ch.el 
olh., „,n,.,„o;K,d nitnl... The av.l.bl. dnU, 

deal mainly with cinnamonitrile,*’-**"’®’® ^ ^ ritalvze the 

isomenzed to crotononitrile by the alkaline reagents that 

ssi'iLnrtrkfra"” 

^ycnected to react in the same manner 

a, ^-Unsaturated amides could be p jjenzyltrimethj b 

as the nitriles. Acrylamide adds, n.„jtropropane,=” and cinnam- 

ammonmm hydroxide, one molecu to give the normal 1.1 

amide condenses with 2 6 diketo-4-phenylpipendme-3- 

adduct which cylizes ^ the reactions studied (Table XIM) 

carboxylate (XLVII).”*” ""particular advantage for synthesis.*" 
acrylamide appears to offer no p 

C.H. 

C.HtCir-CHCONU, r-^O.C.H. 

‘I- 

cH.(Co.c.n,), 5 

XLVII 


•• Caropbfll •nd 


.1, J CJ^n, 1M9. >«» 


• Tueker, /. CA«" ggjrp J , 

• Bruaon, V S !>*«■ ^ 

< Uru*on» V b P*** ’ . CM*m 

- ll.rrm...a «.-! ' ^ . 


44, SIHI4 (ISSOi 
„ Sac . 194S. iff 
^a, 3544 (1»4S)| 
Zcalr . 1899, I 730 
1943. 4135 
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a,p-Ethylenic Aliphatic Esters (Tables XII, XIII, XIV). The 
Michael condensations that have been carried out with a,/5-ethylenic 
aliphatic esters (Table XII) show that activation by a carbalkoxy group 
is less strong than that effected by a nitro group. 

A number of saturated a- and /5-hydroxy esters react with ethyl 
cyanoacetate as if they were first dehydrated to a,/3-ethylenic esters, 
which then undergo the Michael condensation the same applies to 
certain cyanohydrins.-^’ In view of the uncertainty of the mechanism, 
these reactions have not been listed in Table XII. Likemse, the 
dimerization of methyl acrylate and ethyl acrylate^»^^®“^®° can be con- 
sidered formally as involving a Michael reaction, but it probably proceeds 
by a different mechanism. 

The self- condensation of diethyl glutaconate (XL VIII) under the 
influence of sodium ethoxide is, b}^ contrast, a typical Michael condensa- 
tion. It can be formulated as involving an intermediary shift of the 
double bond. Part of the product aromatizes, by elimination of ethyl 
acetate, to give diethyl 4-hydroxyisophthalate (XLIX).^^^^ One molecule 


aHsO.CCHXTICH.COXVH^ 
2Cai.OXXTIXII=-CiICOX.,H:,-- ** **1 * 

xLviii c.ufixciicn=ciico.cji^ 

CTLCO.C^Us 

COjCjHi 

CU^COjCjUj 

O COjCjUi _ 

COjCjII. COjCjHj 

XLIS. 

of glutaconiite, therefore, acts <13 a donor, and a second ono as acceptor. 
(Under the intiuenee of metallic .sodium, a Claisen eondens<ition takes 
placc.)^= The .s;ime inteqjrelation applie.s to the .solf-condensiition of 
trimethyl propytene-2,3,3.triearhu.xylate, whicli involvC-s two .successive 


C-jHiOjCfU.CUC'IUCOXMIi 

1 

f;ir50A’=c'n(.'H..c0jCjU5 
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Slichael condensations. The first yields the open-chain ester L, whereas 
the Second is intramolecular and yields the cyclic product Ll.**® 

H,C=ClCO(CU,)CH(CO,Cn,), 

+ 

(CH,0,C},CnC(CO,CH,)=CH, 

CHj 

Cil,0,cc^ CH(CO,CU,), 

(CIIjOjOjCv. ^CHCOjCH, 

cir. 


»Ow- 


The addition of ethyl 5-raethylcyclopentanone-2-caiboxylate to ethyl 
crotonate involves the a-hydrogen atom in the 2 position, and not in the 
5 position as erroneously stated in the abstract literature 

The Michael reaction is not involved in the condensation of ethyl 
acetoacetate and diethyl acetone-1 ,3-dicarboxylate to diethyl 3,5- 
dihy dro xy toluene- 2,4 - dicarboxy late 
Table XIII is devoted to reactions of ^-hydroxy-, ^-ethoxy-, and 
^-amino-a,^-ethylenic esters. These reactions are generally accompanied 
by the elimination of the /3 substituent (as water, alcohol, or ammonia, 
respectively). For example, when ethyl ^-ethoxyacrylate is condensed 
with diethyl methylmalonate under the catalytic infiuence of benzyltri- 
methylammonium ethoxide, the expected tnester LII not only undergoes 
ethanolysis to diethyl carbonate and the diester LIII but the diester 
decomposes further to give ethanol and the unsaturated ester LIV,’“' 


CH.CO.CjIIs CHjCQjCjHs 

( I 

CHOCjII, CHOC,H, 

I I 

CH,C(CO,CjHj), CII,CaCO,C,Hi 


CHCOjCjH, 

II 


CH 

I 

CH,CHOO,Ciir, 


liv 


The behavior of diethyl 2.ethoxyethyIcne-I,l-dicajboxylate LV is very 
einular,a»8-3i» With nitromethane and secondary bases the ester LV 


••• Baker. J.CA«m Soc., 1935, US. 
•« Sen Gupta, Cbakreborti, and Bh« 
CO.A , 43, 2584 (194»)J. 


tfer Jid Krekauer, Mi>nat4h . 63-H, 931 (1929) 

••• CroaaU and Kegley, Am. Chtm Soc , 72. 970 (1930). 
••• Menon. J Cht». Soe . 1935. 1051 


SBC , 24. 249 (1947) 
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undergoes a curious reaction, which has been represented as a ^DchaeI 
reaction followed by scission of the product according to the accompanying 
scheme.^Ai By this reaction, 2-pipcridino- and 2-morpholino-l -nitre- 
eUiyleno were ol)tained in 40 and 34 % yield, respectively. Analogously, 
(let y "■^tl'oxypropylene-l,l-dicarboxylate gave 2 -piperidino- and 
2-morpholino-l-nitropropene in 21 and 40 % yield, respectively.^^ 


aHsOCII—ClCJOjCjIIjlj + CIIjNOs-v aHjOCIICIKCOjCMIjl^ 

I.V ( 

CHjNOj 

K 2 N 0 II=CHi \02 + CHjICOjC'jHjIj + CjUjOH 

always eliminated-. Ethyl /?-aminocroton- 
a e . and ethyl a-mcthyl./9-aminocrotonate3i‘ react with diethyl 
malonate in presence of sodium ethoxide to give the pyridine derivatives 
i^Vl. These, however, are not Michael reactions. 


cviijOco 

C2H5O2CCH2 '''cR 

oi CCH 

\ / ■ 

OC 2 H, I-RN 


o 


OH 


0=^ JcH. ^ 


H 


J.VI 


It - ir, C1I3 


Interesting that dry sodium ethoxido or sodium metal causes a 

f w T (LVII), whereas alcoholie 

In^^hen , Th ? ' *° “'"“““io" »o dl.tM it.eon.te (Lrlll) 

and then to Mrehael eondon.ation ... It i, ec|„ally iorlhy of note that, 


C2H502CC(CH2 )=chC02C2H. 

i.vn 


C2H502CC(==CH2)CH2C02C2H5 

Lviir 


'cvanLrSrtn°V"?n^^ acetoacetate, ethyl methylacetoacetate, or ethyl 
adds to the n «>traconate, the a-hydrogen atom of the donor 

:ddRLn of 

moth Vl-. foil fiei the unsaturated ester involves the 

methylated side. Diethyl malonate adds in the same direction to diethyl 

’■> Hurd and Sherwood, .Jr., J. Or,j. Chem.. 13. 471 (lfl48) 

Knoovcnugcl and FricH, J3er., 31, 707 (1808) 

Kooyman and Wibuut, Jiec. trav, chim., 65 lo notim 
Wibaut and Kooyman. lUc. trav. chitn., 63* 231 rini t\ 

Cro88loy, J. eVtcm. 6’oc.. 79, 138 ( 1001 )- Proc r/ * 

- MHler and Ho„ . 7 . Jnd.n CV, J. 
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niesaconate, this is the only example of the use of this tmtis compound 
as an acceptor m the Michael condensation 
In the Michael condensation of esters of polycarboxyhc acids, two 
tendencies are apparent First, the highly substituted reaction products 
tend to dissociate into simpler substances by elimination of some smaller 
molecules, such as ethanol or diethyl malonate, with formation of a 
doable bond ais.ais-an Second, those adducts containing both an 
cnolizable hydrogen atom and a suitable acceptor structure undergo an 
intramolecular Michael condensation with the formation of a six- 
meinbered ring. Tetraethyl propylene- 1,1,3,, 3- tetracarboxylate is re- 
ported to lead, under the influence of pipendine or sodium ethoxide, to 
the cyclobutane derivative and piperidine converts diethyl 

{CilljO,C)jCHCII — C(COjC,Hi), CiHsOjCtCNjC CHCH,COj('jH, 

(CjIIjOjOiC CHCH(C0,C,H5), CjHiOjCCHjCH— CfCNjCOjCjH, 

LIX LX 

C,H50,C(CN)C cnCH(CH,)COsCjH. 

I I 

C,H50,C(CH,)HCCH — CtCNJCOjCjH; 


S-cyanopropylene-ljS-dicarboxj-late and diethyl 4-cyanobutylene-2,4- 
dicarboxjlate into the cj clobutanes LX and LXI, respectively 
However, reaction of dietliyl acetylenedicarboxylate with tetraethyl 
ethane 1,1,2,2-tetraearboxylate has been recently showii^ti-^^s to give not 
a cyclobutaiie derivative but hexaethyl butene-1,1,2,2,3.4 hexacarboxy 1- 
ate 

Table XIV summarizes our knowledge of the behavior of aliphatic 
diemc esters and one tnenic ester in the Michael condensation. With the 
dienio esters, 1,6 addition predominates over 1,4 addifjon; with the 
trienic ester, l.S addition predominates This, however, applies only to 
esters in which the polar groups are unsymmetrically distributed about 
the double bond, dialkyl muconates, KO2CCH=CHCIf==CHC0iK, 
undergo 1,4 addition exclusively, giving ROjCCH=^CHCHR'CHjCOjR 


» Hope, J Chim Soc , 101. 89Z {19I«1 
'• Cornforth and Robinson, J Chtm 
'• Cox and McEhaio, J Am Chem 
<• Cox, Kroeker and NoEliafo, J ^ 
i* Guthceit Ber , 34, S'® (1901) 

'• rngold!%rten. and Thorpe, / 


1949, 183S 
, 36, 3159 (1934) 

Chtm Soe, 58, 1173 (1934) 


, Akad 


lian, / 


.erger and Kabasaki 

CAemisirp A Ittdwsirif* 1953, o-*v 
,,jChem Joe, 121. 2015(1923) 


■Mppen Amtittdam 27, 1130 (1919) [C 4 
m Chtm Sac , 75. COoS (1953) 
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AHcyclic and Aromatic a,p-EthyIenic Esters (Tables XV and 
XVI). In the alicyeiic series, a. sniall number of .Mieliael condensations 
have been carried out (Table XV). Tiiese proceed normally, and the only 
point of Interest is that the reactions of ethyl oyclo])entenccarboxylato 
with ethyl acetoaectate and diethyl malonale, respectively, give exclu- 
sively the trdus form of liie reaction pnalucts.^- As pointed out on p. 109 , 
relatively little is known of the stereochemistry of the Michael reaction. 

Ill the aromatic series, even fewer reactions have been studied (Table 
XVI). Acetophenone gives a ^lichael condensation with methyl and 
ethyl cinnamate; it is in competition, liowever, with a Claisen condensa- 
tion between the reactants under the influence of sodium amide or sodium. 
Acetone undergoes witli alkyl cinnanuites the Claisen reaction exclu- 

Ihe three dienic esters that have been studied do not give a consistent 
tiicture. In two of tliem 1 ,G and in one 1,4 addition takes place, witliout 
any obvious difference either iii the structure of the unsaturated ester or 
in the operating conditions. 329 

Ortho-substituted aromatic a,/^-ethylenic esters provide ideal structures 
for internal ^lichacl condensation. If one introduces in the ortho 
jiosition to the unsaturated ester group a substituent that contains an 
enolizable hydrogen atom at a suitable distance from the ring, a hicyclic 
system can be formed casil3^ This possibility has been utilized with 
substances of the general formula LXII for the synthesis of bicyclic 
systems such as LX I II, where X = 0 , S, or X-alkyl. The pertinent data 
form the second part of Table XVI, in whicli an analogous case from the 
alicyclic series is also included. 


CHCO.R 



C’ll 
CHU' 
1 

LXII 


CiijCO.R 



LXII I 


Unsaturated Keto Esters (Table XVII). Table XVII contains the 
scanty material pertaining to the Michael condensation of unsaturated 
keto esters, in which the double bond is activated both by a keto and an 
ester groupAi2a.310.330, 331 is interesting to note that in esters of the 

HCOCH— CHCO^R', the keto group gives a more stable carbanion 

Hauser, Yont, and Kinglur, ./. Orfj. Cham., 14, 201 (1949) 

Ryan and Dunlea. Ptoc. Jioy, IrUh Acad,, 32B. 1 (1913) [Chern, Zentr,, 1913, H, 2039J. 

Kohler and Kngelbrccht, J, Am. Chern. Soc., 41, 704 (1919). 
zzQ Errora, Per.. 33, 2909, 3409 (1900). 

Pulit, ./. Irtdian Chem. Poc„ 14, 354 (1937) [C.A,, 32, 501 (1938)]. 
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than the ester group the Michael condensation vitli a donor R'H leads 
to a product of the structure HCOCHsCHR’COjR' 

Theoretically, it should bo iKissible to effect internal Michael condensa- 
tions with o-acet}l den vatu es of cinnamic acid It has, indeed, been 
found that methyl o-acetylcinnamate reacts w ith sodium methoxide, but 
the expected product LX IV could not be isolated in pure form *** 

u, co.cn. 


O 



Aromatic o,p- Acetylenic Esters (Table XVIII). In the aromatic 
ecries, as in the aliphatic, an acctylcnie bond in conjunction inth an ester 
group behaves in the Michael condensation like a double bond (Table 
XVIII), In certain cases, the correct formulation of the anion of the 
primary product of the condensation appears uncertain. It has been 
observed, for example, that the condensation of ethyl phenjlpropiolate 
with diethyl malonate, usmg ethanolic sodium ethoxide and using 
sodium m benzene, lead to different anions, formulated as LXV and 
LxVI.“.“.« 3,3M xhis problem is discussed on p 186. 

tC,H,0,CCII=C(C,H5)C(C0,C,H,),}Xa® 

[C,H.O,CC==C[C,IIs)CH{CO.C,H.).]Xa® 


It is often thought that the reaction between acetylenm este« am 
substances like 2-picDline or qumaldine is a specific case of the Jhchae 
condensation, although the components react in a ^ ^ 
acetylenedicarboxylate and 2-picoline yield the conjugated diene LXVII. 




II,C=C(C0iC2Hs)C=CH002C*H6 

COjCjHe COjCjHg 



uevn 


'• Ko«bcha»d SK-phens, Jr..^ Am < 
Farmer, /lasS 


> Sqc., 7St 2209 (19^0) 
, im 1804 


ucvm 
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the acetylenic dinietliyl ester willi 2 -([uinal(line gives the analogous, but 
more complex, product 

It is kno\vi\ that similar dimeric forms of acetylenic coiiipouncLs often 
occur in the Diels-Alder reaction at least as formal intermediary 
X)roducts.^^ 

Olefins with Substituents Based on Iletero Atoms (N, S, P» 
Tables XIX, XX, XXI). A nitro group activates a double bond to 
^vhich it is attached as it activates adjacent hydrogen atoms. Table XIX 
summarizes the iMichuel coiulensations involving a,/i-ethylcnic nitro 

compounds. Data pertaining to hydroxymethylenenitroacetaldehydo 

(the enolic form of nitromalondialdeliyde, LXIX) are included. This 


CHOII 




O.NO 


CHO 

LXIX 


cirxii:, 


CO 

CTI, 


CUOJI 

/ \ 

OjNX'U CllCIIj-^ 

I I 

Clio CO 

/ 

C1I3 


ciioir 

/ \ 

O..NXH CriCHa 

I I ' 

cu co 

\ / 

cu 


O.Nl 


cih 

on 


compound reacts with many donor molecules, including even aliphatic 
ketones, to give derivatives of 4 -nitrophenol.iiC 339 - 3 i 3 reaction with 
methyl ethyl ketone is illustrative. The activating power of the nitro 
group 18 so gieat that o- and'^-iiitrostyrene can also act as acceptors in 





CH=CH., 
NO, 


4- CHgCOCHoCOX’^H^ 



|CH2CH2CH(C0CH3)C0X’2H5 


”6 Diols, Alder, cb al., Ann., 498. 1C ( 1930 ) 

Diels and Kech. Ann., 519, 140 (1936)** * 

33^ Diels and Pistor. Ann., 530, 87 (1937) 

33“ Hill and Torroy, Jr., Am. Chem. J., 22, 89 (1899i 
3‘<> Hill and Hale. Am. Chem. J., 33, 1 (1900) ‘ 

3« Hill, Ber., 33. 1241 (1900). 

Z Wiesner. Helv. Chim. Acta, 30. 1465 (1947). 

re og, lesner, ngold, and Huelliger, Hclv. Chim. Acta, 31, 1325 (1948). 
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the ilichael reactions. Formally, thjo addition of the donor takes place 
hi the y,(5 and e,^ jwsitions of the activated unsaturated system, 

respectively.*!* 

It appears that the S=0 bond m sulfoxides and sulfones (Table XX) 
has sufficient double bond character to conjugate with and activate 
neighboring ethylenic double bonds.***'*** In this respect, it is recalled 
that l,2-bis(arylsulfon} Ijetliencs are lughly active dienophiles,*** and that 
vinjl sulfones add aromatic hydrocarbons in the presence of alunainum 
chloride ut the same manner as do a, unsaturated ketones.*** Organo- 
niagnesium and organolithium compounds also add 1 ,4 to a,^-unsaturated 
sulfones.*** 

Table XX also includes the Jlichael reactions of N,N-diethylvinyl- 
sulfonamlide*** and tJie interesting condensations of ^Tnyldimethylsulfon- 
ium bromide with ethyl acetoacetate and diethyl malonate ** 

Reactions involving diethyl viny Ipliosphonate, CH2=CHPO(OC^Hs)„ 
a newly discovered type of acceptor in the Michael reaction, are listed m 
Table XXI It has already been pointed out (p. 204) that compounds 
containmg phosphono groups have sufficiently active hydrogen atoms to 
serve as donors in the Michael condensation. The reaction referred to 
here leads to the supposition that the P=0 bond, like the S^O bond, 
is able to form a conjugated system with an adjacent ethylenic Imkage. 

2- and 4-VinyIpyrldlnes (Table XXI). Although practically no 
work appears to have been done on the ability of the open-chain system 
C=0-C=N to undergo Michael condensations (see p 207), the behavior 
of 2- and 4-vinylpyTidme shows that, at least under ceitain conditions, 
this system gives typical Micliael products The reactions investigated 
appear m Table XXI **' 


“I » 5‘« zix .'x 

.wsky. *er . 65. 457 ( 1 B32) , Lister and Sutton. Trun. I ^ 

iver, Arndt and Eistart, B^r . 74, 423 (1941) 
ch.> CTen, SOC.19S0. 2892 

ooateraieland Baokor. See 

r3-“:rrn 5or , 75. 6019 (1953, 

X6.J PAyr.CSem, 58, 186 (1954) 

ce and Morita, .r Am Chen ' J®’ ..neji 

eaandGilUa,.7 Aa. CS- (****> 

lea and Ch.m . 75, 5411 (1953). 

JL'JT: TLsB ,1954). 

m and Jones, J Am compounds to the C=N double b 
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Fulvenes. Calculations as well as physical and chemical ovidenco have 
shown tliat the fulvenes, represented by the formula LXX, possess a 
polar double bond.“^®»^®^ It is, therefore, not surprising that fulvenes are 



!i 

11 


LXX 


also acceptors in the JLichael condensatiom The experimental material 
on the subject is scanty and the only donors that have been tested 
so far are fluorenes. Thus dibiphenyleneethylene (LXXI) adds fluorene 
under the catalytic influence of sodium lu'droxide, to give an S2% yield 



of tribiphenylenepropane (LXXII). The same reaction can be effected 
between 2,7-dibromofluorene and 2,7,2',7'-tetrabromodibiphenylene- 
ethylene. 

It is to be expected that these highly substituted systems ^vill show a 
considerable tendency to dissociate {in the way that decaphenyl butane 
dissociates into pentaphenylethyl).^®^ Thus one can explain the observa- 
tion that 9-aminofiuorene (LXXIII) reacts with dibiphenyleneethylene 
(LXXIV) in the presence of ammonia to give dibiphenyleneethane 
(LXXV) and fluorenone imide (LXXVI) by the accompanying equation. 
9-Fluorenol behaves analogously. The observation that 2,7,2',7^-tetra- 
bromodibiphenyleneethylene and fluorene yield the dibromo derivative 

Pullman, Berthicr, and Pullman, Bull. soc. chim. France, 1950, 1097. 

Bergmann and Fii>chcr, Bull, soc. chim. France, 1950, 1084. 

Pinck and Hilbert, J, Am. Chem. Soc., 68, 2014 (1946). 

Pinck and Hilbert, J. Am. Chem. Soc., 88, 2739 (1940). 

*** Schlenk and JIark, Ber., 55, 2290 (1922). 




THE MICHAEL REACTION 


243 


(LXXVII) and 2,7-djbromofluorene can be understood on the basis of a 
sequence of condensation and disproportionation steps. 





ethoxide as cataljs whereas, m the presence of potassium 

dibiphenylenepropane ^ fl.jjjj.(2,7-dibroraobiphenj lene)-y-biphenylene- 

hydroxido ^ farmed. Thermal decomposition of these two 

propane j te, aha. 2,7-dibromodibiphenj!eneethjIene. 2.7- 

compounds . j,jjane, 2,7,2',7'-tctrabromodibiphen>len«thilene, 

fetrSromodibiphenjleneetbane (formulas on p 2«). 

“xim fulvene denrative that has been employed as an aeoeptor 
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m the ilichael condensation is benzylidenefluorene (LXXIX), which adds 
uorene in. 70 yield under the influence of a mixture of pyridine and 
aqueous sodium hydroxide. In accordance ^rith the direction of the 
^pole moment in the semieyclic double bond of the fulvenes, the product 

IS a,7-dibiphenj’lene-y?-phenylpropane (LXXX).“®s 




It IS not surprising that formylfluorene, i.e., 9 -hydroxymethyIene- 

99 ^ 00 -’! undergoing the iEchael condensation (see pp- 
— , - o). onnylfluorene has been converted by reaction with malonic 


Bergmann aad Lavie, J. Am, Chern. Soc„ 74 , 3173 ( 1952 ). 
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acid (with loss of \iater and carbon dioiude) to j?-(0.fluorenyJf(iene(- 
PWpionio acid (LXXXI) in 1 1 % yield.^*® 



Systems That Did Not Undergo Condensation 
The following is a list of reactant systems that have not given Michael 
condensation products The listing is in order of increasing number of 
carbon atoms m the acceptor. 

Acrylonitrile and diethyl acetosuccinate.®*^ 

Methyl vinyl snlfone and ethyl phenylacetate, acetophenone, or benzyl 
JJ-toJy] suJfone,’’* 

Methyl vinyl ketone and “InhofFen’s ketone.”^** 

Methyl isopropenyl ketone and cyclopentanone.^** 

Acetylacetone and chJoroacet amide, phenylacetamide, benzyl cyan- 
ide,®^* or a-cyanopropionamide.®^^ 

Ethyl acrylate and 3-acetyloxindole or l-methyl-S-acetyloiindole,®'® 
Methyl crotonate and mtropropane in the presence of diethylamine.®'^ 
Mesityl oxide and 2-quinaldine.®’* 

Crotonaldehydc with N-ll.S-dimethylbutylidenel-l.S'dimethylbutj'l- 
ainine 

Ethyl crotonate and 2,7-dibromofluorene.®^‘ 

p-Bensoquinone and ethyl N-acetyl-d-anainocrotonate or diethyl amino- 
inethylenemalonate.*^' 

••• Borsohe and Nieioaiui, Btr , 69, 1993(1936) 

BJood and Instead, J Chtm Soc, 1963, 32SS 
“• Bindet and Robinson, J. Cfcera. Soc , 1962, 1224, 

“» Colongs and Dreuit, Ball «c cAio* FraMe, 1953, 47 
«• Basu,Tr /«d«.« CAsm Sac , 7, 815 (1910) W A . 35. 1628 (1931)] 

•’* Bardfann. J Chtm Sac , 1939. 2323 

Julian and Printy. J Am. Chtm, Sac , 75, 6301 (1963) 

KJoeUet J. Am Chtm Sac . 70. 3571 (1948) 

•74 W'sisa and Hatissr, J. -4m Chtm, Sac., 71. 2028 (1949) 

am.th, Xorton. and Ballard, J. Am. Chtm Sac , 75, 3318 (1953) 

Taj lor and Connor, J. Org. Chtm . 6. 698 (1941) 

•" Be«r, Davenport, and Itoberlaon, J. Chtm. Sat , 1953, 1262 
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3-Methyl*2-cyclopentenone and ethyl acetoacetate.^’® 

Ethyl a-acetaraidoacrylate and oxindole.®’® 

1 -Acetyl cyclohexene and 6-methoxy-9-methyl-l-keto-l,4,5,6,7,8,9,10- 

o ctahydronaphthalene.®® ® 

Methyl 5-methyl-2-hexenoate or ^-methylsorbate with dimethyl 
malonate or methyl cyanoacetate,®®^ 

1- Acetyl- 2 -methylcyclohexene mth various reagents,®®^"®®^ 
Trimethylquinone and hiacetyl or its half-acetal.®®® 

Methyl a-cyano-/5-methylsorbate and methyl cyanoacetate.®®^ 

Ethyl ^-diethylamino vinyl ketone and 2-methylcyclohexanone.®®^ 
Trimethylquinone monomethylimine and 3,3-dimethoxy-2-butanone.®®^ 
Methyl 2-hydroxy8tyryl ketone and ethyl oxaloacetate, ethyl cyano- 
acetate, or diethyl malonate,®® 

Methyl a-cyclohexylideneethyl ketone mth diethyl malonate.®^® 
4-Phenyl-2-methylamino-2-buten-4-one and ethyl cyanoacetate.®®^ 
Diethyl l-pentene-l,3-dicarboxylate and ethyl cyanoacetate.®®® 

Ethyl cinnamate or diethyl benzylidenemalonate and fiuorene or 
2,7-dibromofluorene.®’® 

Diethyl 2-acetyl-2-hexene-l,6-dioate and 1-tetralone or b-methoxy-D 
tetralone.®®®*®^® 

2- Dimethylamino- or 2-morpholino-benzosuberone or their methiodides 
with biacetyl or its monoxime.®®^ 

3- Phenyl-5,5-dimethyl-2-cyclohexenone and diethyl malonate, ethyl 
cyanoacetate, or nitromethane.®®® 

3-Benzylidene-6-formylcyclohexanone and 5-diethylaminopentane-2,3' 
dione-3-monoxime or its methiodide.®®^ 


Acheson, J. Chem. Soc„ 1952, 3415. 

Julian, Printy. Ketcham. and Doone, J. Am. Chem. Soc., 75, 5305 (1953). 

Nazarov and Zav'yalov, Izveat. Akad. Nauk S.S.S.R. Otdel. Khim. Nauk, 1952, 
[C.A., 47, 53G5 (1953)]. 

»»* Raid and Sause. J. CJhtm. Soc., 1954, 510. 

Bagchi and Banerjcc, J. Indian Chem. Soc., 23, 397 (1946) [C.A., 42, 1601 (1948)]. 
Dimroth, Angew. Chem., 59, 215 (1947). 

Huber, Ber., 71, 725 (1938). 

Johnson, Szmuszkovicz, and Miller. J. Am. Chem. Soc., 72, 3726 (1950). 

Ludovitz, Dihsertation, Goettingen. 1944. 

Turner and Voitlc, J. Am. Chem. Soc., 72, 4106 (1950). 

Smith and Dale. J. Orrj, Chem., 15, 832 (1950). 

HilLs and McQuiUm. J. Chem. Soc., 1953, 4060. 

Kon, J. Chem. Soc., 1926, 1792, 

Bosu, J. Indian Chem. Soc., 12, 209 (1935) (C.A., 29, 6878 (1935)]. 

Thorpe and Wood, J. Chem. Soc., 103, 1579 (1913). 

Peak, Robinson, and Walker, J. Chem. Soc., 1938. 752. 

Tarbcll, Wilson, and Ott, J. Am. Chem. Soc., 74, 6263 (1952). 

Woods, J. Am. Chem. Soc., 69, 2549 (1947). 
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Benzylideneacetophenone and diethyl eyanomalonate,*” diethyl ethyl- 
malonate,”“ diethyl butylmalonatei^^* or diethyl phenylmalonate 
»t- or 2?-Nitrobenzylideneacetophenone and fluorene.*’* 
a-CyanostUbene and ethyl phenylacetate ** 

Diethyl cinnamylidenemalonate and methyl cyanoaoetate 
ci«-Dibenzoylethylene and diethyl benzylmalonate.*® 

2-Acetyl. 1,3-diphenyl- 2- propen-1 -al and ethyl tetrahydroanthraml- 
ate.*** 

Ethyl 2,4-diphenylbutadiene-l-carboxylate and ethyl cyanoacetate.»« 

2-(Trimethylqninonyl)methylene-3,5,6-trimethyl-2-acetoxy- (or meth- 

oxy.)3,5-cyclohexadienono with diethyl malonate or ethyl cyanoacetate 
Unsaturated carbonyl -bridged system such as 




"1 


■with diethyl malonate or cyanoacetamide.*"'’ 

Diethyl benzyUdenemalonate and nitroethane^^^ 

2,3-Dichloro-l, 4- naphthoquinone and acetone. 

Mesityl oxide and cyclohexanone to i/ive an 

AcrylLitnle and diethyl tnmethylsuccinate, which appe g 

O-substituted derivative of the enol form. 

3-Methyl-4-amino-3-penten-2-one and 
2-Methylcycloheptyhdeneacetoiiitnle and cyan 

, j 1 pad to definite conclusions as 

Examination of of the condensation. However, 

to the factors responsible for the substituents about the 

the qualitative impression gam the donors, this can be 

reacting centers tend to j^^tors undoubtedly also play a 

ascribed to lowering acidity, but 

p.rt i. >» 

diethyl phenylmalonate to undergo any flucu 

- deB,nnev.ae.CUg.tt.«KlCoan«./ CW . «0 (IMl, 

»M Bloom »nd Ingold, J. Cfem j’l) [C-4 . Z*. *** {1932)3. 

•« Baau. J. CUm Soc , 8. 319 ^ 

»•• Smith, D»v», Jr . “"d J. ■ ^ 

••• Joe,’ 1955, 329. 

“Si**/?-" 
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SYNTHETIC APPLICATIONS 

Certain products of the IVIichael condensation may be used for the 
preparation of amino acids ; others may undergo spontaneous cyclization 
or cycloisomerization reactions and thus open routes to a variety of ring 
compounds. In particular, the Robinson modification of the Mchael 
reaction has been utilized for the synthesis of alicyclic ring systems 
(Table VIII). It seems, therefore, desirable to give a systematic picture 
of these synthetic possibilities. 


Synthesis of Cyclic Systems 

Cyclopropane Rings. Compounds that serve as intermediates for 
the formation of products containing the cyclopropane ring can be 
obtained by Michael condensation. For example, the product of the 
Michael reaction between benzylideneacetophenone and dimethyl malonate 
can be brominated and dehydrobrominated to yield a cyclopropane 


CgHsCHCHaCOCoHs CgH-CHCHBrCOCoH^ 


irgCOCHj), 


CH(C02CH3)3 


CH(C02CH3)2 


H,Ce 


COCflSi 


CH302C C02CH3 


XXXXil 


derivative (LXXXII), as shown in the formulation.^®^ Alany highly 
substituted cyclopropane derivatives can be prepared by this route. 

Cyclobutane Rings. It has been reported that cyclobutane deriva- 
tives were formed by intramolecular Michael condensation of esters of 
certain polycarboxyhc acids.® 22 , 323,405 Recent investigations^^^.^^s have 
shown, however, that reaction of diethyl acetylenedicarboxylate ^vith, for 
example, tetraethyl ethane-1,1, 2, 2-tetracarboxylate does not 
hexaethyl cyclobutane-1, 2, 3, 3, 4, 4-hexacarboxylate but hexaethyl butene 
1 , 1 ,2,2,3 ,4-hexacarboxylate. 

Cyclopentane Rings. Cyclopentanone derivatives are formed 
by Rieckmann condensation of the primary adducts of the jMichael 
condensation between ethyl citraconate (or itaconate) and nialonates or 

Kohler and Conant, J. Am. Chem. Soc., 39, 1404 (1917). 

Guthzeit, Weiss, and Shaefer, J. prakt. Chem., [2J, 80, 393 (1909). 
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substituted nialonatcs.*.”*.^^ (Compare aJso the analogous formation of 
cyclopentanones from cyclopropane derivatives; see pp. 205-207). 

o 

u,c==c(co,c,u,}cn,co.c,ir, 
cir,(co,c,ir,), 

Cyclohexane and Condensed Alicyclic Ring Systems. Divinyl 
fcetones of the dibenzylideneacetoue type react with donors that contain 
an active methylene group according to the accompanying general equa- 
tion, yielding substituted cyclohexanones (LXXXIII) 

o o 

+ lijCIljR, -H. 




' 'co.c.u. 


LXXXIII 


In general, Michael adducts of unsaturated aldehydes and ketones with 
ethyl acetoacetate easily undergo a secondary condensation between the 
terminal methyl group of the adduct and the carbonyl group of the 
original acceptor molecule In a fair number of cases, this cychzation 
reaction is accompanied by the eJimination of the carbethoxy group. 
This reaction is illustrated by the synthesis of the keto esters LXXXIV,*** 
LXXXV,“'“*i’ and LXXXVI In the last example, the reaction 
stops at the intermediary aJdol stage, without the additional dehydration 
step*®* (see equations on p. 250) 

Obviously, the same reaction wiU take place whenever l,5-diketone3 of 
the above type ace formed, e g., in the condensation product of ethyl 
cyclohexanone-2- earboiy late and ethyiideneacetone or benzylideneacet- 
one, yielding LXXXVII (R = GHj or CgHj) A similar cychzation 
takes place with the adduct of l-tetralone and ethyhdeneacetoacetate or 
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LXXXIV 


CH3 

/CO 

CH2 CH3 
(CH3),C^^^.C0 
\ 

C02C2H5 



CO2C2 H j 
LXXXV 



UOUCVTJ 
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acetylcyclopentene, yielding the tricyclic keto ester LXXXVIII*** and 
(via LXXXIX) the tetracyclic ketone XC,” respectively. 



Lxxxvm 



uaxEC 


A related reaction is the cyclization of diethyl alkylidenebisacetoacet- 
ates. Diethyl methylenebL^acetoacetate (XCI), for example, forms 
XCH: this then loses water and one oarbethoxyl group to give the 
“Hagemann ester” XCIII. In other instances, both carboethoiy groups 


I 


HjCK^COCH, 




C,H.O,CHC^^CH, CjH.O.CHa^^CH, 


CO,C,Hj 

9 "’ 


axe split off and 1- methyl- 6 -alky I- l-cyclohexen-S -ones are formed, ^e 
reactL of ethyl sodioacetoacetate and ethyl ethoxj^ethyleneaceto. 
acetate is more complicated."*-*” Other examples are the oondeMat.on 
products of mesityl oxide and ethyl benzoylacetate,"* acetylacetoae,*” 

«• CUuien Ann., S»7, I P- 

.« Stber^n^, Rer.. SS. 2071 (>»«?>* 

... fr is®,’’,,” ,, 

::: ^ 

... SchStor »nd MeiMt Str., 48. 23* (ISIS). 



‘*52 


0RG.‘VX1C REACTIONS 


or (ieoxybenzoin;^^® the 1:2 adducts of diethyl malonate or. its mono- 
substitution products with acrolein and methacrolcin;^^®*^^^ and the 
condensation products of methyl vinyl ketone with 2-niethyIcyclapent- 
anone/*'’^'^^^ 2-methylcyclohexanone,--^ or aliphatic ketones. 

There are a few cjises in which the methyl of an acetyl group other than 
that of the ethyl acetoacetate component supplies the hydrogen for the 
water molecule to be eliminated, e.g., in the formation of the cyclo- 
hexenones XCIV*-^ and XCV/-*^ This cyclization is also possible with 


0 

II 

H 3 CCH CH 3 

I 

^COCHi 
* ^CH 

1 

CO2C2H5 


O 



CO2C2H6 

XCIV 


.0 


'll 




un^at united l.o-diketones. Obviously, the configuratioii of the double 
bond mu-l be ci'f for cvclizjitiun to take place. Tlie product XC.'V"! 
aert vl.Ui-iylcne and 2*mctliyleyciohcxanone gives the dienone XCVII. 



xcvi 


XC\‘I1 
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an ethoxy group and a hydrogen atom in the s position. Cyclic l,3-dione3, 
such as XCVIII,^** XCIX,‘^* C,*** and are formed. Analogous 


H2C^ 

HjCOT 

H,cr' 




'"C02C2H6 


CeHs 

H2C'^ .• CHCOiCjHj 
(IhjCsHs 



CHjCsHs 




-ciirojCjHs 

COaCjHg 

CHj 
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^CKjC^ 


CHCO2C2H5 

CO^C^Hji 



adducts derived from ethyl cyanoaoetate {instead of malonate) give the 
same final products, e g., the cyclohexanedione II 


OO2C2H8 

(CHshC-^^CN 



Hinkel. Ayling, D'Ppy. ‘nd 
► Enumerafon offormulw begins with I sgsin 
-^Vorl«nder.An«. 294. 253(1897) 


Soc , 1031, 8U 
, 1930, 2453 




nplexity of the 



251 


ORGANIC REACTIONS 


Analogous behavior has, of course, been observed with the i-keto esters 
formed, for example, from /3-keto esters and a,/?-ethyIenic esters.**^® 
Aromatic Ring Systems. When the (5-keto ester contains a double 
bond in the position, the final product is a substituted resorcinol; 
thus the adduct of diethyl nialonate and 7 i-butylacetylacetylene gives 
5-/i-butylresorcinol (see p. 214). Other reaction schemes in which 
aromatic products are formed in the ^Michael condensation are described 
in the remaining paragraphs of this section. 

Esters of styrylacetic acid, which can be obtained from arylacetatcs 
and tliethyl ethoxymcthylenemalonate, cyclize to derivatives of a- 
naphthol (IH)-®® or hydroxyphenanthrene Similarly, the condensa- 

tioa of the cnolic forms of /3-keto aldehydes and /S-diketones with diethyl 

a ^CHCOjCjHs 

VCHOCjHs 
CH-- 

I 

COjC^H^ 




IV 
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loss of one carbethoxy group beta to the keto group, leads to tetraethyl 
cyclohexanone-2, 4, 4, 6- tetracarboxylate (X). This can again undergo a 
Michael reaction with diethyl ethylene-l,l-dicarboxylate to give XI. 
Renewed Dieckmann reaction and loss of a carbethoxy group yields as 


H 2 C C(C02C2H6)2 

C2H6O2CCH CHo 

I I 

0 =C CH 

1 

CO 2 C 2 H 5 

X 


H 2 C- 


CO 2 C 2 H 5 

■CCO 2 C 2 H 5 


C2H5O2CCH CH2 CH(C02C2H6)2 

0 =C C— i— CH2 

C02C2H5 

XI 


. . H2C- 
C2H502CCH 
0 = 0 ” 


C 02 C 2 H 5 * 

c c=o 

I I, 

CHg CHCO2C2H5 

C CH2 

C 02 C 2 H 5 

XU 


the final product tetraethyl bicyclo[3.3.1]nonane-2,6-dione-l,3,5,7-tetra- 

carboxylate (XII). 

Oxygen- Containing Rings. ^-Keto esters containing a double bond 
in the a,^ position cyclize by an entirely different course from their [^,y 
analogs. Thus, although the compounds form 5-alkylresorcinoIs (see 
p. 214), the adducts of diethyl malonate and hydroxymethylene ketone 


CO 2 C 2 H 5 

CH 

CzHjOCff ^COCHg 

C2H5O2CCH 

^C02C2H5 


CO 2 C 2 H 5 

CH 

HC ^COCH, 
^ II ^ 

C2H5O2C CO2C2H6 


C 2 H 5 O 2 C 


CO2C2H5 

Qr 


o 

XUI 


derivatives lose water or ethanol in the course of condensation, and 
a-pyrone derivatives such as XIII are formed. Another example is the 
adduct of ethyl acetoacetate and diethyl ethoxymethylcne-malonate or 
-cyanoacctate.^^** The condensation products of ethyl phenylpropiolate 
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with ethyl aeetoacetate'‘®“’*** and acetylacetone*’*>*“ behave analogously, 
giving XIV (R = OCjHj and CHj, respectively). 


CHCOaC2H5 

CsHscf 

CHCOCHa 
COR 

An additional case, in uhich a saturated <3-keto ester is cyclized by 
enolization of the carbonyl group, is represented by the adduct of cyclo- 
hexanone and diethyl benzyhdpneinalonate .Here, the e-methylene 
group is stencally prevented from participation m a potential rmg 
system and the enol lactone XV is formed 




y - (o- Hydroxypheny 1 ) ket ones 
pyTan derivatives (XVI, B = 


are converted to 2,3-benzo-l,4 dthydro- 
CHj, C5H5) under the conditions of the 
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troju .icotophoiioiu' aii«l In^roa trjtluMriiUr lakr-i jiluo l>y a .Michael reaction. 
However, it haa recently Iwen jirovcU that thi^t Li not the 

PIpcrldincH uiitl Pyritlliic.s* ibKcionic anudci forn»ctl hy .^J^chacl 
comlcnHat itoia Irum cyanoacetainido and u.^hethyicnic ketonra nn<Icr;4o 
c\cli,iation ttj un^^ituriitid cy.ino‘nuh.‘»tilntiHl ;i.l;i’ti»jHjK*ridiuca (X\ HI)* 
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Will 

ihe first of the uccoinpanying cxainplvs hHowh a hyclrox^dated interme- 
diate, such ua has been isolated in a number of reactions.^^® 

A alightly (lifTerent sehomo applies to the eondensation producU of 
cyanoacetamide and «-hydroxymethyleno ketones, in which, by tlie loss 
of water, a second double bond is introduced into the ring and tlius the 
cnolization to 2.hydi-oxypyridines (XIX and XX) is facilitated.'^**"^ 
Aminomethyleno ketones behave analogously,^®** and cyanoacetamide can 

37 *007*Mll0i3)^] ^**^"^"‘^*'*'* Hhide, luul Nargund. Current Set, InUia, 12. 150 (1913) [C.-t-* 

Dovoy and Uobinhon, J. Chem, Soc., 1035, 1389. 

*»• EldorUcld and King, y. Am, Chem, Soc., 70, 5137 (1931). 

Barut, J, Indian Chem, Soc„ 7, 321 (1930) 24. 4780 (1030)]. 
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replat'tjj by ninlonamidc.'’* Tlie «»mc result is obtained uitlt the 
adducta from anuacetamide and acct^Icnic ketones Compounds 
having the geiieraJ structure XXI (U ^ C,U, or C.H*) are formed 

c.Jr, 

scc({ ^CH 

OC^ COR 

silt 



If the precursor of XXI is shovin in the tAutomcrio form XXIA, it ia 
evident that compounds of type XXIB will be capable of a similar 


COH 


NCCH CHj 
B'f!:. COR 




transformation into pyridine derivatives. Thus "diacetonitrile” and 
benzylidcneacetone give, after spontaneous loss of hydrogen from 
the primary product, 3-cyano-4 phenyI-2,6-dimethyIpyridine (XXII).«» 

C«Hs 

NCCH - "CHi I ^ 

HtOb^^OOCH, 

XXII 

"* ChftttaTj«e» Jndutn Ch*m, Soc., Z9, 323 (1952) [C X ,47, 9972(1953)1. 
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Likewise, the imine of ethyl acetoacetate condenses with diethyl ethoxy- 
methylenemalonate with loss of ethanol to give diethyl 2-hydroxy-6- 
methylpyridine-3,5-dicarboxylate (XXIII).*^^ 


^CiroCaHs ^CHOC2 Hs 

C2H5O2CCH •• CHCO2C2H5 C2H5O2CCH ^CHC02C2H5 

C2H5O2C ^CCHa ^ 0=C. ^CCHa 

HN^ 


C2H5O2C1 


1CO2C2H5 




xxni 


Generally speaking, the imines of y5-ketb esters and ^-diketones react 
in this manner with hydroxy methylene, alkoxymethylene, and amino- 
methylene ketones and esters.^^^^^^ Thus, from 2-hydroxymethylene' 
cyclopentanone and ethyl iminoacetoacetate, ethyl 5-methyh4-azaindene- 
6-carboxylate (XXIV) becomes available.^^s ethyl tetrahydro- 

anthranilate (XXV) reacts in the manner of an aminoraethylene ester 


COXH2 

OH 

XXV XXVI 

giving with malonamide l-hydroxy-3-keto-2,3,4,5,G,7,8,10'Octahydroii>o- 

quinoline-4-carboxamide (XXVl).^^^ The only exception to this rule is 
the reaction of 2-aminomethyJenecyclohexanone (XXVII) with ethyl 

cyanoacetate. which is claimed^*® to yield 3-keto-4-cyano-2,3,5,6, 
hexahydroLsoquinoline (XXVIII). In this connection Berson and 
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Brown*" consider that Hantzsch s synthesis of 1 ,4-dihytlropyndine8 
involves a Jliehacl reaction, Tlieso authors assume that, e.g, m the 
condensation of form aldehyde, ammonia, and ethyl acetoacetale, ethyl 
^'aminocrotonato and clhjl methjleneacetoacetate are formed and then 
react in the following way 


UO,CCH, 

I - I 


CII, 

/ \ 

CfO.H HOjCCTI (HCO.K rtr. r-. 

I I ^‘^>4 


tO,Cjr''^CO,K 

h.^^kJch, 


Another route to tJie pyTidine senes la possible in all Michael condensa- 
tions that lead to 1,5-diIvetones capable of being cychzed by treatment 
with ammonia, in these reactions animonia can be used as the catalyst 
for the Michael condensation A special example of this general possibility 
•a provided in the reaction of ethjl aminomethyleneacetoacetate with 
ethyl acetoacetale or cyclohexanone ammonia is eliminated from the 
primary product XXIX in the first step and utilized in the second step 
of the subsequent process. 


C^HsOjCCH^ 


f^CH, 

CjHgOzCCH C2Hs02Ch^^N 

COCH3 ^3 


/), 


Pyrroles. Clarke and Ivipworth*** have assumed that the pyrrole 
synthesis discovered by von Miller and Ploechl**’ involves a Michael 
reaction; thus, one could formulate the synthesis of l-(p-tolyI)-2,3- 
diphenyliiyrrole from Dc-toJuidmobenzjd ey’snide and anna m aldehyde la 
the presence of potassium hydroxide as follows. (Compare ref 450 ) 


C,H5CII=CIICH0 + C,IIsCII(CN)NIIC,Il4CH,-p 
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•• Clarke lUid Lapworth, J. O/iim Sfoc , 91. (1907) 

.. SSler end PlirW. S.' • 3t. 

>• Bodforw. Ser , 84. Ull (IMl) 
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Treibs and Derra,'*®^ however, have suggested that the synthesis proceeds 
through a hemiacetal of the unsaturated aldehyde (formed by inter- 
action with the solvent, e.g., methanol) and is, therefore, not a Michael 
reaction. 

Pyrrolizidines and Related Ring Systems. The Michael condens- 
ation has been employed by Leonard in the preparation of pyrrolizidines 
(XXX) by reductive cyclization of y-nitropimeiic esters, which are 
available from nitroparaffins and acrylates or substituted acrylates.^®^'^^ 


2CH2=CHC02CH3 

[CBHjCHjN(CHa)a]OII 
+ ^ 

CH3NO2 

0 ^ 2 — CH — CH- 

III 

CH2 NO2 CH2 
I I 

C02CH3 C02CH3 



XXX 


Similarly , the reaction has been extended to the synthesis of 6-methyh 
azabicyclo[5.3.0]decane (XXXI) by 1,6-addition of methyl y-nitrobutyrate 
to methyl sorbate, followed by reductive cyclization.^^® 


CH3CH=CHCH=CHC02CH3 

O2NCH2CH2CH2CO2CH3 

CH 2 — CH — CH CH3 

i I I 

CHj NO, CH 
COjCHj CH 

I 

CHjCOjCH, 

of an indole derivative XXXII from quinone 
and ethyl iminoacetate (/?-aminocrotonate), 23 a g^n be formulated 


CH, 



XXXI 


*** Trciba and Derra, Ann., 589, 170 (195t)* 

“• I^onard, and Long. y. Am. CUm.Soc.. 69, 690 (19J7). 

*« **"'1 70, 2504 (1948). 

Uonord and Iloycr. J. Am. Chtm. Soc.. 72, 4818 (1950). 
Uonard and .Shcwraakar, J. ,tm. CUm. Sot.. 71, 1702 (1949). 

onard and I dloy. j. Am. Chtm. Sot., 71, 1758 (1949). 
Uonard .md 1-clIoy, J. Am. Chtm. Sot.. 72. 2537 (1950). 
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Synthesis of Amino Acids 

The observation that substances such as ethyl acetanudomalonate and 
® plitiiajimido*inalonate or *cyanoacetate act as donors in the Alichael 
conaensation hA5 opened a ixseful avenue to the synthesis of ainmo 
ncids.i»t.*5»-46z preparation of DL-glutamic add (XXXIII) illus- 
rates this method.*** The products derived from a,^'ethylenic aldehydes 
^nd If-acylated aminomalonates“®'***'**®“***"*" and aminocyanoacet- 
ate8>*<’.*iio are likei^ise of considerable interest; they are potential 


CH,=CHCO,CH, + CH,CONHCH(CO,C,H.), 
CH,CONHC(CO,C,H,),CH,CH,CO,CH, • 

HO,CCH(NHj)CH,CH,CO,H 

xxxin 

Intermediates in the construction of the ornithine system and appear to 
he the key substances in the biogenesis of a number of alkaloids.*** 

**• Alberuoo »ii4 Atciitr.J. An Chen Soo., «7, S043 
«• G«J«t,y An Chtn Joe, 6#, 96S (IMT) 

“• JJoB sod Warner, J, An. CAem. Joe„ 70, 37#J (1948). 

**■ Rinderknecbe and Niemann. J. Am Cktm. Soe , 72, 2298 (19*0| 

••• Vaa Zj'h van Tanieleo. and Zuidenia,,/ Am CAcm Sec , 73, 17M 
*** Snyder, Shektelon. and Lewie, J, Am CAew Joe , #7, 310 (194$) 

"• Moe and Wareer, VS paL S.«)8.927fC7.,4v 44, 8374 <I950JJ 

*“ Rob«iaon, Free, t/nie. Durham Phd. Sec, S. Pi. I. 14 (l«t7-l»28) fC ,4 , 33. 1883 
HM9J) 
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As esters of nitroacetic acid become more generally available, these 
may also be used in the synthesis of amino acid precursors through the 
]ilichael condensation.^^®*^^® 


EXPERIMENTAL CONDITIONS 

Solvents. If the products are sensitive to alcoholysis or if there is 
competition between the aikoxide ion and the donor anion for the acceptor 
molecule, a non-hydroxj^iic solvent is chosen or the reaction is carried 
out without solvent. Compare, however, ref. 278. When such competi- 
tion is encountered or when the enolate of the donor is prepared vath 
difficulty, sodium or sodium amide in an inert solvent may be usecL 
Solvents used most often in the [Michael condensation are methanol, 
ethanol, ^-butyl alcohol, ether, benzene, dioxane, and mixtures of these 
solvents. Ester exchange has been obseived in some condensations in 
which esters were employed as reactants.^ 

Catalysts. The following catalysts have been used: sodium methox- 
ide, sodium ethoxide^ potassium methoxide, potassium ethoxide, potas- 
sium isopropoxide, potassium 7i-butoxide, potassium /-butoxide, potassium 
a,a-dimethylpropoxide ; dry or aqueous sodium or potassium hydroxide, 
methanolic or ethanolic sodium or potassium hydroxide, potassium 
hydroxide in ^-butanol; metallic sodium or potassium; ammonia, 
alcoholic ammonia, ammonia in conjunction with ammonium chloride, 
sodium amide as such or in liquid ammonia; diethylamine, diisopropyl- 
amine, piperidine, pyndine, triethylamine, tributylamine, and other 
trialkj’^lamines ; methyltriethylammonium hydroxide, benzyltrimethyl- 
anunonium hydroxide (Triton B), and its methoxide or butoxide. 

(Jalcium and sodium hydride have been used very rarely the 

oame applies to potassium carbonate^^® and sodium triphenylmethide,^^® 
w'hich w'as used as condensing agent for [Michael reactions %vith the ethyl 
esters of acetic, Lsobutync, and phenylacetic acids. The ester 

imderwent Claisen condensation under these conditions before [Michael 
reaction took place. 

Aqueous sodium cyanide was employed as catalyst in the condensations 
of acrylonitrile with ethyl cyanoacetate or benzyl cyanide.*"^^ 

It is w'orthj^ of note that the reaction betw'een cyclohexanone or 
2-methylcyclohexanone and acT^ionitrile, carried out in the jiresence of 

E. B. Ber;5manii, unpubli-hed results. 

P Uhraan and Zuifami, J . Arn, Cktm. .S'oc., 73, 44CG (1&51). 

J- ^rn. Soc^ 72, 3S4 (1050). 

Hauler and Abramovitcfa, J , Arn, Chirn. Soc,^ 62, 1763 (1&40) 

Ui>. pat. 2,460.5.30 43, 3440 {VJVJj], 
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optically active quartz, coated with sodium, potassium, or lithium 
ethoxide. has been reported to give slightly optically active products.*'® 
Several examples have been reported^56,85s,i7i-4M Michael-type 
condensations brought about by acidic catalysts such as boron tnfluoride, 
zinc chloride, or sulfur dioxide. Of practical importance are the con- 
densations of pyrrole derivatives with free a positions which react with 
a,/?-iinsaturated aldehydes, ketones, acids, and acid derivatives m the 
presence of acidic catalysts such as boron tnfluoride etherate or hydro- 
bromic acid As in the case of indole (see p. 209), one can assume 

that the donor is a tautomeric form of the pjnrole, in which the a position 
is transformed into an (activated) methylene group This product reacts 
further to give a dipyrryltrimethxne derivative 


KOiCp— j,CH, 


H 



cn^=cucocii4 


RO,C, 

H,C 


\jfXcn,cH,cocu, 


H 


One or two condensations have been eflected without an added catalyst. 
Thus condensation occurs when ethyl hydroiymethylenephenylacetate is 
heated with malonic or cyanoacetic acid,***'*^*"*” and when methyl vinyl 
ketone vapor is passed together with acetone or methjl ethyl ketone 
through a hot tube.*'* 

Particular mention should be made of the possibility oflTercd by the 
recent development of strongly basic exchange resins; they appear to bo 
highly promising condensing agents, especially where either a reactant or 
a reaction product is sensitive to dissolved alkali. Thus acetone or 
methyl ethjl ketone reacts easily with acrylonitrile in the presence of 
quaternized cross-lmked poljwmylpj-ridme resin.*'* More complicated 
reactions can also be catalyzed in this way.*'*-**® 


"* Terent'ev KUbunovtku, end Budo^Bkii. Sbamti SlaUi 04eAc*<l ASiie., t, ISIS (1SS3) 
IC^ . *9. S263 (1«55)J. „ , a „ ,19381 

t» d } Gen CJUm. CSSS. 8, 1# (193SJ , 32. «3»7 (1»J*)J, 

•« I!!d SlwbL Ann., 689. 183 (1»«) 

«• OSMJIC-*- 30. 

*'• •”■3 ^ j Ciem. «I. 1*41 (IMS). 

•” Hereu. StiBer. end Fv ^S;S.SW{C-4, 48, 7114 (ISiSJJ. 

llowli end Lengkert^ Kore^^ *3. '0' 33. 

va p... awaoiotc-*. ta. nji* (ISSD) 
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EXJ'ERIMENTAL PROCEDURES 

Y-Acetamldo-y-carbethoxy-y-cj anobutyra]deh>'de.«» A solution 
of 50 mg. of sodium m GO ml of abaoluto ethanol is mixed with 17 g. of 
ethyl acetamidocyanoacetste, and the resulting suspension is cooled m 
a water bath while 7,5 ml. of acrolein is added dropwise. After the 
addition is complete, the mixture is stirred for two hours and neutralized 
with glacial acetic acid The mixture is hltered, and the filtrate, after 
refrigeration for twenty-four hours, deposits the crystallme product. 
Filtration yields 15 g. (06%) of material melting at 106-109’. Crystal- 
lization from 95% ethanol raises the melting point to 113.5-114.5*. 

5>Nltro>4,4>dlmethylpentan-2>one.*** A mixture of 1 mole of 
mesityl oxide, 10 moles of mtromethane, and 1 mole of diethylamine is 
allowed to stand at 30* for thirty days Unrcacted material is removed 
by distillation up to 55°y20 mm„ and the residue is fractionated. After 
a forerun of 4-diethylammo-4-methy]pentan-2.one (10%), the product 
distils as an oil, b.p. 112-113.5*/! 4 mm. (65%). The product may be 
completely freed of basic impurities by shaldng with 10% hydrochlorio 
acid. After two distillations, a pure product, boiling at 126-1297^2 mm., 
can be obtained in 58% yield. 

The same product may be obtained in 65-60% yield by heating the 
reaction mixture under reflux for forty-eight hours and treating sub- 


sequently as above. 

7- Keto - 1 - methoxy- 1 3 - methyl -5 . 6,7,9,10, 13 « hexahydrophen- 
anthrene (Robinson’s modification).”* While 15.05 g. of diethylamino- 
butanone"* is swirled gently in a M. flask and cooled in ice, 16.0 g. of 
methyl iodide is added portionwise durmg thirty minutes. The swirlmg 
is regulated so as to obtain the crystalline methiodide as an even coating 
on the walla of the flask. When no more liquid remams, the flask is kept 
in ice for thirty minutes and then under the tap for forty-five mmutea. 
A solution of 20.0 g of 5.methoxy.l-methyl.2-tetralone in 100 ml. of dry 
thiophene-free benzene is added, air is eipeUed by ^y mtaigen, and a 
solution of 6.6 g. of potassium in 100 ml. of dry ethanol w added with 


cooling during five mmutes. 

Swirling is continued until the methiodide dissolves (about thirty 
mmutes) and is replaced by a precipitete of poUssium iodide. The 
mixture is kept in ice for an additional ho,^ and then bofied gently for 
twenty-five minutes. An excess of 2 W sulf^c acid is added, followed 
by enough water to dissolve the potassium sulfate. The benzene layer is 
separated and the aqueous layer extracted t^ce with ether. The ether 
and benzene layers are combined, washed with water, and clarified with 


ShURk. J. Jim. Chtm Sm., 65, « 
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magnesium sulfate, and the solvents are evaporated. The residue is 
distilled and 23.2 g. of product is collected up to I8O7O.I mm. Crystal- 
lization from ether yields 17 g. of product, m.p. 115-117°. An additional 
gram of material is obtained by distillation of the mother liquors, making 
a total yield of 18 g. (71%). ^ ■ . 

This procedure is a general one, in which sodium methoxide or sodium 
ethoxide may be used effectively a!8 a catalyst. 

^mn5-3-Keto-2-phenylcyclohexaneacetic Acid.^®® A mixture of 
50 g. of 2-phenyl-2-cyclohexen-l-one, 150 g. of dibenzyl malonate, and a 
solution of potassium ^buto.xide, prepared from 1.3 g. of potassium and 
20 ml. of ^butyl alcohol, is kept at 60° for three hours, and then left over- 
night at rooni temperature. The mixture is acidified 2.5 ml. of acetic 
acid and diluted to a volume of 250 ml. Avith ethyl acetate. Thirteen 
grams of 10% palladium- charcoal is added, and the mixture is hydrogen- 
ated for an hour at room temperature at an initial pressure of 4 atm. The 
catalyst is filtered, the solvent evaporated, and the residue is heated for 
10 minutes at 170—180° to effect decarboxylation of the malonic acid. 
The residue is taken up in ether, the solution extracted several times Avith 
10% sodium carbonate solution, and the alkaline extract acidified. The 
product is obtained as a solid, m.p. 125° {55 g., 82%). 

Dibenzyl malonate Ls preferred to diethyl malonate as a donor if 
further hydrolysis of the [Michael condensation adduct is desired. 

Methyl 3-Keto-2-phenyIcyclohexyl-a-nitroacetate.^®®»^®® A mix- 
ture of 17.2 g. of 2-phenyl-2-cyclohexen-l-one, 23.6 g. of methyl nitro- 
acetate,'*^® and 0.025 mole of 30% methanolic solution of benzyltrimethyl- 
ammonium methoxide^^’ jg alloAved to stand at 60° for tAvelve hours. The 
mixture Ls acidified AAith acetic acid and extracted AA'^ith ether, and the 
extract is washed Avith Avater and with sodium bicarbonate solution to 
remoA^e most of the unchanged ester. After removal of the rest of the 
unrcacted materials by distillation in high vacuum, 26.2 g. of product 
(fi0% yitild) is obtained as an oil. 

Triethyl a- Acetyl tricarballylate.**^^ To 20 g. of technical potassium 
hydroxide in 150 ml. of acetaldehyde dipropyl acetal are added 51.6 g. of 
diethyl maleate and .52 g. of ethyl acetoacetate, the temperature being 
maintained at 20° during the addition. The temperature then rises 
spontaneously to 27", and the mi.xture is heated at 90° for one hour. 
After acidification AAith dilute sulfuric acid, the acetal layer is separated, 
the soh'ent is remov'cd, and the residue distilled in A'acuurn. Some ethyl 
acetoacetate is recovxTed, and 65 g. of product is obtained *is an oil, 

Feuer. HitM. uuti AVarrcti. J. Am. Chem. Soc., 71. 307S (1943). 

*•’ Croxall arui .Schn«*iti>,T, ./. Am. CA<m. 6’oc.. 71, 1*257 (1341^). Cf, Afcl.-»ciiheimcr, Ann.* 
397. 2'J5 (1U13). 
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b.p. I 89712 mm. The j-ield based on material that entered the reaction 
ia 72% 

Olethyl 6>Keto>4-meth}l-2>beptene-l,5-dlcarbox>Tate/‘* To a 
solution of 2 5 g. of jiotaasium in 150 ml. of absolute t-butjl alcohol are 
added 98 g ofethyl acetoacetate and53 g ofethyl sorbatc The mixture 
is heated under reflux in an oil bath at 110-120’ for twclie hours Tlio 
cooled solution is poured into dilute sulfunc acid and the precipitated oil 
taken up in benzene. After removal of the benzene and unreacted 
material by distillation, 78 g. of product (75% yield) is obtained as an 
almost colorless oil, b.p. I20°/0 5 mm. 

Hexaethyl 3-Bulene-l,l,2,2,3,4-hexacarboxjIate.’=‘-’”'*** Under 
anhydrous conditions and with stimng, a mixture of 34 g. of diethyl 
acety lenedicarboxy late, GGg oftctracthy I ethane-l,l,2,2-tctracarboxylatc, 
and 10 ml of absolute ethanol is heated to 45° to obtain a clear solution. 

A solution of 1 5 g of sodium dissolicd m 24 ml of absolute ethanol u 
added dropwise with rapid stirring. After addition of about 10 droj« of 
ethoxidc solution, the temperature of the reaction mixture suddenly rLses 
to 92° and then slowly falls as the rest of the catalyst is tuldcd. As the 
temperature rises, the color of the solution changes to dark brown. The 
mixture is poured into KX) ml. of A* hydrochloric acid and is exhaustively 
extracted with ether. Kvaporation of the ether leat es a mixture of solid 
and oil. Tlio solid is coliccteil and crystalhicd from i)0% ctlinnol, Hjo 
prtHluct, obtained in scleral crops, weig>is48.5g. (48%) and melts at 7»*. 

Diethyl a.p-DiphcnjJglutarate.’LM One hundretl grams of ethyl 
ciiinaiuate and lUO g of ethy 1 pheny laectate arc mixed with a wilulion of 
4 g. of iMsiium m dO ml, of ethanol and hcatol under ntlux for two and 
one-half hours. Hie mixture is neutralized with t)ie eaieiilateal amount 
of dilute hydrochloric utid. and enough water 11 aihle"! to t>roiliire tur- 
biihty-. Wbcti the solution is roole<l. the pnsluet erystallize^i in iiusiitita 
tiio yield as a mixture of Lsoinera. After seirral crysIsUuatioiu fn.iii 
dilute ethanol, the pnsluit melts at 92-93*. 
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Ethyl a-Benzoyl-y-(2-pyridyl)butyrate.^^° To a mixture of 246 g. 
of freshly distilled ethyl benzoylacetate and 66 g. of freshly distilled 
2-vinylpyridine, 1 g. of sodium is added, and the mixture is boiled for five 
hours. The solution is cooled, acidified, and extracted with ether to 
remove neutral material. The aqueous layer is made alkaline, the oil 
that separates is taken up in ether, and the extract is dried over anhydrous 
calcium sulfate. The ether and 2-vinylpyridine are evaporated under 
reduced pressure, and the residue is distilled to furnish 135 g. (70%) of 
the product as a pale orange oil, b.p. 170-17570.3 mm. 

TABULAR SURVEY OF THE MICHAEL CONDENSATIONS 

The following tables summarize the data in the literature through 
October 1955. Tables I-XXI classify the material according to the 
unsaturated acceptors. Table XXII lists most of the important donors 
that have been used in the IVIichael condensation. 

The acceptors in Tables I-XXI have been arranged according to 
increasing number of carbon atoms unless othenvise stated. Alkyl esters 
are listed (independent of the number of the carbon atoms in the alkyl 
group) under the lowest member of the series employed. With each 
acceptor, the donors have been listed according to the following scheme: 

Esters and other acid derivatives (except nitriles) 

Keto esters 
Cyano compounds 
Aldehydes and ketones 
Nitro compounds 
Suifones 

Miscellaneous donors 

Commas between items in the catalyst column separate the components 
of a catalyst combination; semicolons are used to separate different 
catalyst combinations. 

When yields are cited, the first references cited are those to the article^ 
containing the information on yields. 

Bockfcihcido and Agnello, Am. Chtm. Soc.f 72, 5005 (1950). 
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‘ Michael Condensations with Aliphatic a,^-ETHYLENic Ketones 

Reactants Catalyst Pi’o duct, (Yield, %) References 

Methyl Vinyl Ketone {CoJit,) and A — CH3COCH2CH2 — 
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Methyl ^-cyanoetliyl ketone KCN 
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ethylene-4-keto-l,2,3,4* NaOCH, 



H«ference« 401-104S are on pp. 64&-656, 



I^liciLVEL Condensations with Auphatic a,/?-li:THYiJ3Nic Ketones 
Kcactants ^ ' Catalyst. Product (Yield, %) References 

Methyl Vinyl Ketone (Cant,) and A = CIlaCOCHaCH.— 
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2,d-DiniethylcycIohexane-l,5-diono (10) 422 
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Michael Condensations with Aliphatic a,/?-ETHYLENic Ketones 
Reactants Catalyst Product (Yield, %) References 

Methyl Isopropcnyl Ketone {Cont*) and = CH3COCH(CH3)OH2 
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l-Cd.rboincthoxy-5,5-dimethylcyclohe3 
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p-Eihoxyvinyl n-Ainyl Keloite and 

Cyanoacotamido Piperidine 0-n-Ainyl-3-cyauo-2'p>Tidono (08) dOl 



THE MICHAEL REACTION 


295 




OUGAXIC HEACTIOXcJ 


S ;; S ji S r: 12 {2 ;i = 

Cl Cl Cl o IC ,.-i o ii 


r- oj 71 uo 
I- -r ^ 

O -r -r -r O 


\l 


^ El 

7 i 

?;* o o 'T 

o o - ' 

^ 000^1 
^ "-2, o Q g ^ 


b* ^ ^ -5 
^ ^ ^ 
i ’? jc* 2 

Z "H* ^ S 


3 >-'r i:* ? 

?sl‘i--3 

2 y ^ z T 

y 2 r ^*1 y* 

c* ^ 1 ^ 

-V '• X X 
« 'T X c P 
z V 


:»c: d 3 > 

I P CQ ?0 ^ 


g^waww’aH&fnrif 

^OOOQOOOoS 
^ ^ ^5 ^5 =5 .=3 rf 


O ^ u CJ O 

w ? g 9 a 




2 o ^ o 
o -g . 2 ^ s 
S 'S ^ j 


, § ^ ^ ^ ’=5 

'• O r^* /-< *-* ^i 

I 3 S N P s 

’ « §.'2 35 2 

o ^ « p p s 


o 

. §wW 

?8§ 

O O 

■g i W W 

s i aa c 

llpW 3 

■5 o « ^5 s 


^ 3 .2 tD H ■- 

ilj « Q O 0 ?5 


EUiyl a-liyaioxybipheuyl-l-mu-boxyltilc 


CH,COCHiCHC(lJ 




TABLE III — Coidinucd 

Michael Condensations with Aromatic a,^-ETHYLENic Ketones 
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Diethyl nuiloua^e NaOC 2 H 5 4-Carbethoxy-5-(p-methoxyphenyl)-2-inethylcyclo- 695 
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,5-diphenyl-5-nit roper 
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TABLE III — Continued 

Michael Condensations with Aromatic a,/7-KTHYia:Nic ICirrONL 
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11 Thi* IS the structure assumed by the authors. 
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iVoJ*; References 491-1045 are on pp. 615-565. 

tJtt This material is formed in «tu from the aldehyde or ketone and the derivative of malonic or cyanoacetic acid, 
§111 Instead of cyanoacetone, a-methylisoxszole was employed. 
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* This acid v.aa laolalcd after hydrolysis and partial decorboxylati 
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Michael Condensations with Aliphatic Dienic and Trienic Esters 
KeacUints Catalyst Product (Yield, %) 
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reacted whetl methyl Lsoproviyl tetone was brought together with sodium taeial 
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TABLE XXII 

Donors Used in Michael Condensations 

MalonateSj RCH(C02C2H6)2; R — H, Cl, Br, NOg, methyl, ethyl, n-propyl, 
n-butyl, n-hexyl, n-octyl, n-decyl, n-dodecyl, n-tetradecyl, n-hexadecyl, 
j3-methoxyethyl, /?-ethoxy ethyl, phenyl, benzyl, phenethyl, 1 -naphthyl, 
1-naphthylmethyl, )9-(l-Eaphthylethyl), 2-naphthyl, 2-naphthylmethyl, 
naphthylethyl); /3-aldehydoethyl, /3-aldehydopropyl, acetoxy, formamido, 
acetamido, phthalimido, R' 02 CCH 2 — , (R' 02 C) 2 CH — , R' 02 C 0 H(CH 3 )- 

CH(C 02 R'') — > CH 2 =C(C 02 C 2 H 5 ) — , jS-ionylideneacetyl, isobutyryl. 

Dibenzyl malonate, malonamide, ethyl malonamate, ethyl malonamidinate, 
diethyl a-cyano-)5-methylsuccinate, diethyl a-cyano-j3,/?-dimethylglutarate. 

Cyanoacetatesj RCHCCNJCOgCgHg: R = H, methyl, ethyl, isopropyl, 
n-butyl, phenyl, phenethyl, /3-aldehydoethyl, acetamido, R' 02 C(CH 2 ) 3 ' 
C(CH3)(CN)— . 

AceioacetateSf CH3COCHRCO2C2H5: R = H, methyl, ethyl, n-propyl, 
isopropyl, n-butyl, isoamyl, hexyl, phenyl, benzyl, allyl; acetoacetanilide. 
Ethyl iminoacetoacetate, CH3C(=NH)CH2C02C2H5, and its N-methyl 
derivative; ethyl iminomethylacetoacetate, CH 3 C(^NH)CH(CH 3 )C 02 C 2 H 6 * 

Other ketonic esters: ethyl propionylacetate, butyrylacetate, isobutyryl- 
acetate, hexanoylacetate, y-ethoxyacetoacetate, palmitoylacetate, stearoyl- 
acetate; diethyl acetone-1 ,3-dicarboxylate, ethyl isobutyrylisobutyrate, 
ethyl a-acetylsuccinate, ethyl a-acetyladipate, C 2 H 502 CCH 2 CH 2 C 00 H(CH 3 )- 
CO 2 C 2 H 5 , ethyl benzoylacetate, ethyl 2 -oxocyclohexane-l-carboxylate and 
its 3 -methyl derivative, ethyl 2 -oxocyclopentane-l-carboxylate and its 
5-methyl derivative, higher cycloalkanone-2-carboxylates, 2-carbomethoxy-l- 
tetralone, methyl l-keto-l,2,3,4-tetrahydrophenanthrene-2-carboxylate, ethyl 
camphor-3-carboxylate, 3-ethoxy-5,5-dimethyl-6-carbethoxy-2-cyclohexen-l- 
one, ethyl phenylpyruvate (a-keto ester). 

Monocarhoxylic acid esters: ethyl acetate, ethyl isobutyrate, diethyl gluta- 
conate, diethyl itaconate, ethyl phenylacetate (also w-NOo, p-NOg, Cl, Br, 
and C 0 H 3 analogs) and its a-ethyl, n-propyl, n-butyl, isobutyl derivatives, 
ethyl furan- 2 -acetate, ethyl thiophene- 2 -acetate, ethyl a-naphthylacetate, 
methyl diphenylacetate, ethyl a-pyridylacetate, triethyl phosphonoacetate, 
triethyl a-phosphonohexanoate. 

Ketones: acetone, methyl ethyl ketone, methyl n-propyl ketone,* methyl 
isopropyl ketone,* methyl isobutyl ketone,* pinacolone, methyl n-butyl 
ketone,* methyl n-amyl ketone,* diisopropyl ketone,* diisobutyl ketone, 
isopropyl n-amyl ketone,* isopropyl n-nonyl ketone,* methyl y?-cyanoethyl 
ketone, /3,^-diethoxyethyl alkyl ketones, acetylacetone, acetonylacetone,* 
heptadecane-2,4-dione, octadecane-2,4-dione, isobutyrylacetone, diisobutyryl- 
methane, cyclopentanone, 2-methylcyclopentane-l,3-dione, cyclohexanone, 


Condensed only with acrylonitrile as acceptor. 
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«'i 3-, l*ti>rfii]r(c)ctof)c»iuton9, cAr^rttunc, «lih}klru' ftnJ t«tr>]ixd(x>- 
C4rvu&p, c«rt utAOftcrtonr. cjrcluLrXAue-t^inllonfi 2-hrJroi}'- and 2-acctuxjr* 
crcluh«xMtMu>. c)-ctotirxane-i J-dlone and ita2-alk) ldfri\aUvi-«, S,5-diiu«lli) 1- 
^•3'^f'CJoI<cxan4HlJoi«>, c7ciuLcxrD)tc)'ciohexanone. 2*iiirlb}l-(>‘iiKipro|)«n)l- 
rfcluUexanunv, 2-aldrIi)duc>c]olirxa<ionc, 3-ald('h)do-l-(p*carl*oxy- and 
p-carLtimrt)kux7-c]rcluti«X)l)c)'cluticxanon», lilglicf cydualkananra, l>tctra- 
JoiM*. 2-o<rdi)M-tcCr4ion«. tt-mc'tiiuxy-/'(r(ralun<‘, 2>(^*did{i)2aniiouctJ>}'l)'I- 
tcIraJono, S.Ji) droxyinrlli) Irnp-O-uirtliui y-I -tctralune, (ran*-2HlrcaIuu<>, 
l-iD«tli7].2-drcalun» (n* and Irani) and ita 5<mcthux)-, O-mpthoxy, 
3.11-dlijM-IJjoij-, nnJ d'parUrdic/xy Jrriratitca, ]0-(nPti>}t-2-<ipcaloae, 0* 
B*pthyl-8-lj> dnndanoop, antUrunc, l-krtu>l,2,3,l-Uti'ah}’drDpticaanlhrrae, 

octAhydjvpbnuuit Jlux-np, * 



Ac« lopli*nnnp, phrnylarrltinr, propioplirttonc, laobutj ropbpnone, benzoyl- 
acetone, dlbcnzyl Lctoiie, deoxybentoLn, p-pLcn}lacet)lblphcnyI. dibenzoyl- 
inetliane. l,2'<libenzo}lethane, x-mctlijl-x-n-butylacetophenone,* a-metbjl- 
a-n-oct)lac«.tojihenone,« a-elbyl-z-n-prupyUcttopbenone.* Uopropyl benzyl 
ketone,* a-pbeny l-x-n-octylacetone,* 2-pbcnylc} clohexanone and Ita ti-benzyll- 
dciie deHtat{\e,* 2-aldeti} do-l-(p-carbozy- and p-carboniethoxyplieny]>- 
cycloltexanone, 2-plien} Icyclobcptannno. 

2-.\ccljlfuj-an,* 5-inctliyl-2-acetyIfiiriin,* 2-propion) Ifuran,* 5-inelbyI-2' 
p?upion} Ifuzan,* 2.5-dlnietliy l-3-acet j Ifumn,* 2,fl-diniel li} 1-3-propion} Ifuran,* 
2-but)rylfuTan,* 2.S>dlnictb} l-S-butVry Ifuran,* 2-acetyl-, 2-propionyl-, and 
2-butyr)l-tiiiophene and tliclr 5-iiietiiyl derii'utitca,* 2-acetoace(>ldMop2iene.* 
-kcet) lacetoiio Imlnc, ben zoylace Iona Imine, (p-metbyl benzoyl }acetone 


AWeAydea: acctaldebydo,* propionaldehyde.* but yraldehyde, laobutyi^ 
aldehyde, dielbylacetaldebyde,* heplaldebyde, 2-ctbylheiaoal, diethyl- 
acetaldebyde, phenjJacetaJdebyde, a-phcnylpropionaldehjdo.* 

AVnfea: malononitnle, acetonitrile, propionitrlle, cyanoaeetamide and ita 
N-alky] derivati vea, benzj 1 cyanide and ita derivatl vea nuclearly aubetituted by 
o*Cl. m-a. Hr, CU,, NHi, P*Dr» CUi, OCU(, NO, s benzyl cyanide a-aubati- 
tuted by methyl, ethyl, laopropyl, n-butyl, n-pcntyl, S-roethylbutyl, (l-cyclo- 
hexeoyl), cyclohexyl, (p-chloropbenyl), (2-thieiiyl), (a-pyndyl) and )J-diethyl- 
atninoethyli dipbenylacetonitrile ) dtetbyl cyanomethanepboaphonate, 
2-cyanocyclQl,eptanone, CU,C(=NU)CII.CN, C,U*C(=NU)CH,CN. 


Condensed only with acrylonitrile sa acceptor. 
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TABLE XXII— Con/tnwai 
DoNoiis Used in Miciiaed Condensations 

Nitro comj)oundsx nitroiuethune, nitrootluiiie, l-nitropropauc, 2-uitro- 
propnue, 1-niirobutiine, 1-nitroisobutarie, /?,/?-dinitroethanol, uicjthyl 2-nitro- 
propyl ether, methyl 2 -uitro propyl sulUde, butyl 3-nitrobutyl sulibne, 
nitrocyclohexane, dinitromethane, phenylnitromeUmiie and its p-broino de- 
rivative, methyl 2-nitro-l-phenylpropyl ether, methyl and ethyl nitroacctates, 
methyl y,y-dinitrobutyrate, diethyl nitromalonate, 1,1-diiiitroethane. 

SuiSoncsx phenyl benzyl sulfone, p-toiyl benzyl sulfone, allyl p-tolyl 
suifono, ethyl p-toluenesulfoacetate, phenacyl p-tolyl aulfone, bis(benzene- 
sulfonyl)mcthunc, bis(methanesiiIfonyl)methane. 

llydrocarhoixs «at£ dcrira^irra: cyclopentadiene, diviiiy line thane, imieiie, 
1-iaopropylideneindene, lluorene, 2-nitroliuorene,* 2,7-dibromonuorene, 
l-methyhluoreue, O*phonyllluorene, O-hydroxyfluorene, Uuorenc-O-carboxy- 
latcs, ethyl l-metliyHluorene-D-carboxylate, 1,2,2,1-tetrahydrolluorantheue, 
2,3,4-trimethyl-l ,2-dihydrofluoranthene, 4,5-methylenephenanthrene, methyl 
4-cyclopenta[de/]phenanthrene-I-carboxylute. 

Miscellaneous donors {oj occasional use)\ a-aceto-y-butyrolactone, ethyl 
oxaloacetate and its a-methyl derivative, ethyl /?-methyl-y-nitrobutyrate, 
diethyl succinate, isophorone, l-formyl-2«keto- 10-methyl- A^»®-hexahydro- 
naphthalene, a-naphthol (koto form), ethyl 4-hydroxy-2,3-benzofui’an-5- 
carboxylate (keto form), 4-hydroxycoumarin (keto fox’m), 2-hydroxy-l,4- 
naphthoquinone (keto form), 2-acctyl-5-cyclohexan-l-one, ethyl (3,1- 
dihydro- 1 -naphthyl jcyanoacetate, ethyl ( 1 -methyl- 1,2,5, 0-tetrahydro-4- 
pyridyl)acetate, a- and y-picoline, a- and y-quinaldine, rhodanine, Inhotfen 
ketone, kojic acid, 1-methyloxindole, 1,3-dimeihyloxindole, methyl oxindole- 
3-propionate, 2,3-dihydro-2-phenylbenzo-y-pyrone. 

* Condensed only with acrylonitrile as acceptor. 
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of 2-elhyI-2 hevenal, 210 
of methyl acrylate, 234 
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18-19 Trimethyl propylene-2, 3, 3-tricarb- 

oxi late, self-condensation, 234 
Tetrazolium salts, synthesis via dia- Tryptamine, 153 
zonium salts, 29 
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N,N'-Diphenyl-C-methylformazan, 24 , 

34 

NjN^-DiphehyLC-nitroformazan, 19 
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Ethyl a-ben2oyl-7-(2-pyridyl)butyrate, 
270 

Ethyl cj^anoglyoxalate m^chlorophenyl- 
hydrazone, 33 
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zone, 32 
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159 
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Hansa yellows, 13 

Heterocyclic rings, synthesis via Michael 
reaction, 256-263; see also individual 
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Hexaethyl 3-butene-l,l,2,2,3,4-hexacar- 
boxylate, 269 

Holden-Lapworth mechanism of ab- 
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197 

Hydrazones, reaction with diazonium 
salts, 4-6 
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4-Hydroxy-3-inethylcmnoline, 34 

Indazoles, synthesis via diazonium salts, 
15, 17, 24, 29 

Indene, behavior in Michael reaction, 
232 

Indoles, synthesis via Japp-Klingemann 
reaction, 153 

synthesis via Michael reaction, 226 
Isophorone, behavior in Michael 
reaction, 230 

Japp-Klingemann reaction, 143-178 

7-Keto-l-methoxy-13-methyl-5, 6,7,9, 10,- 
13-hexahydrophenanthrene, 267 
tranfi-3-Keto-2-phenylcyclohexaneacetic 
acid, 268 


Kojic acid, behavior in Michael 
reaction, 232 

Mannich bases, use in Michael reaction, 
222-223 

Mesityl oxide, behavior in Michael re- 
action, 230 

Methyl 3-keto-2-phenylcyclohexyl-a- 
nitroacetate, 268 
Michael reaction, 179-555 
involving 1,6-addition, 213, 237-238 
involving 1,8-addition, 237 

1-Nitro-l-p-chlorophenyldrazonoethane, 

33 

5-Nitro-4,4-dimethylpentan-2-one, 267 
Nitromalondialdehyde, use in Michael 
reaction, 240 

l-(p-Nitrophenylazo)-2,3-dimethyl-l,3- 
butadiene, 33 

Phenanthrenes, Pschorr synthesis of, 21- 
22, 27 

Piperidines, synthesis via Michael re- 
action, 233, 258-261 
Pyrans, synthesis via Michael reaction, 
257 

Pyrazoles, synthesis via Japp-Klinge- 
mann reaction, 154 
Pyridines, synthesis via Michael re- 
action, 207-208, 210-212, 214, cL 
236, 258-261 

a-Pyrones, synthesis via Michael re- 
action, 214-215, 256-257 
Pyrroles, synthesis via Michael reaction, 
261 

Pyrrolizidines, synthesis via Michael re- 
action, 262 

Pynivaldehyde l-phenylhj'drazone, 32 

Rearrangement, of carbanions of 
Michael adducts, 186 
of nitro groups on treatment with dia- 
zonium salts, 20, 151 
Rhodanine, use in Michael reaction, 
220 

Schiff bases, use in ^lichael reaction, 
207-209 
Serotonin, 156 



